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INTRODUCTION 
Fertilizer P is not used completely during the growing 
season in which it is applied to a crop and the unused por­
tion remains in the soil. 
The fertilizer P remaining in the soil is subject to 
different processes; (a) it can be lost from the soil by 
erosion of the superficial layer; (b) it can be transformed 
to chemical compounds that are not available to crops; or 
(c) it can remain in forms easily available to plants. Of 
these processes, the most important from an agronomic point 
of view is the process of transformation of the original 
fertilizer source to less available chemical compounds. The 
magnitude and importance of these processes are influenced 
by factors related to soil characteristics, environmental 
factors, and management practices. 
The fertilizer P remaining in forms easily available 
to the plants plus the P transformed to chemical forms and 
not available to crops in the current growing season may be 
used by crops in succeeding growing seasons. The utiliza­
tion of fertilizer P in succeeding seasons is termed residual 
effect. The magnitude of use of this P by the crop and its 
influence on yields are related to the amount of P applied, 
time elapsed since the last P application, source, method 
of P application, kind and use of crops, amount of precipi­
tation, and soil characteristics. This makes the process 
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of evaluating residual and current P effects a complex 
one. 
There have been a number of approaches used to study 
residual fertilizer-P effects. During the first stage of 
studying this problem, studies used only chemical evalua­
tions of the soil-P content together with information related 
to the history of past P applications. Few studies were 
conducted in the field and were without sufficient statisti­
cal design and analysis. 
In the second phase of study, more importance was 
given to field studies. The lack of consistent yield re­
sponses in field experiments caused researchers to direct 
their work under controlled conditions in laboratory and 
greenhouse studies and use of radioisotope techniques. 
It was accepted finally that long-term field experi­
ments, which are supported with laboratory studies, should 
be done to answer questions related to residual fertilizer-P 
effects. 
Most of the work conducted in the past, with few excep­
tions, did not take into account the economic aspects of 
residual effects. The every day concepts of fertilizer 
applications in the long run such as "maintenance level," 
"immediate build-up," and "partial build-up" must be evalu­
ated under field conditions where these concepts are relevant. 
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This dissertation reports on a long-term field experi­
ment being conducted in central Iowa. The objectives of the 
experimentation are to provide information to respond to 
questions concerning the residual and direct effects of 
fertilizer P in a corn-soybean rotation. 
The basic objectives of this study are: 
1. To evaluate the influence of three initial P levels 
created artificially and of four annual P applica­
tions on the yields and P content of the corn-
soybean rotation. 
2. To measure the evolution of the available soil-P 
content as a consequence of the initial P levels 
and annual P applications. 
3. To assess in economic terms the influence of the 
initial P levels and annual P applications on the 
yields of corn and soybeans and on the soil-P 
content. 
The basic concepts for this work are: (a) the best 
approach to study residual and current P effects is to con­
duct long-term field experiments and to use well-correlated 
and calibrated soil-P chemical tests; (b) common statistical 
tests, analysis of variance and regression analysis can be 
used to test the significance of residual and current 
fertilizer-P effects; and (c) the economic analysis of this 
kind of experiment should include at least the yield response 
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to present and residual P, the residual and direct effects 
of fertilizer P on the available soil P, the rate of interest 
on invested capital, and the present value of yields. 
Experimental data used in this study were collected 
from 1974 to 1982 on an experiment conducted in central Iowa. 
Three rates of P were applied initially to create three 
levels of available soil P, and each of the initial levels 
received four rates of annually applied P for a corn-soybean 
sequence. 
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LITERATURE REVIEW 
The residual and current effects of applied fertilizer 
P have been studied in recent years by many researchers 
working in soil fertility evaluation. 
There has been great variability in the objectives of 
the studies, in the methods used, in the findings, and in 
the practical implications of the results. This is not 
unexpected in view of the different crops and conditions 
under which the experiments were carried out. This litera­
ture review does not pretend to be a complete and exhaustive 
review of this subject matter. It is directed mainly to 
recent publications, reviews that summarize past findings 
of residual-P effects, works related to methods of measuring 
the residual effects of P, and economic analysis. It is 
divided into four general parts: (1) the influence of 
residual and current P on crop yields, (2) the influence 
of past fertilizer-P applications on the availability of 
soil P, (3) the methods to measure residual effects of P, 
and (4) the economic analysis of residual fertilizer effects. 
Influence of Residual and Current P on Crop Yields 
The influence of currently applied P on crop yields 
under field conditions has been documented by many 
researchers. This section does not pretend to discuss 
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work of that type and is restricted to works related to 
residual P effects or to both residual and current P effects 
on crop yields. 
Influence of residual and current P on annual crops 
Ware et al. (1942) reported on residual effects of P 
obtained from a seven-year study with potatoes where applica­
tions of P were made at different rates and at different 
times. They concluded that residual effects on yields were 
observed for more than four years, depending on the amount 
of P applied during the initial years of the experiment. 
A relationship between the P content in the plant and amount 
of P applied was also detected. 
Volk (1945) studied P applications on cotton. Applica­
tions of P were made for five years, and after this period 
the P applications were discontinued on some plots. The 
yields of cotton showed a decline on the plots where the 
fertilizer P was discontinued, but the yields were the same 
where P was applied continuously, regardless of the amount of 
P applied. In spite of the decline in yields in the plots 
where P was discontinued, there was a residual effect of P 
proportional to the amount applied. Similar results were 
obtained by Weeks and Miller (1948) working with different 
crops in a four-year rotation. In this work, P, as super­
phosphate or rock phosphate, was applied for 12 to 18 
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consecutive years and then discontinued. The yields of 
these plots were compared with those from plots where P 
was applied continuously for 27 to 34 years. Crop yields 
showed a decline with time where only superphosphate had 
been applied, but no yield decline was observed in the plots 
that received rock phosphate in comparison with plots where 
P was applied continuously. No decline in available soil P 
was observed on plots that had previously received P as rock 
phosphate, but four times as much P was applied to these 
plots than the plots that received superphosphate. 
During the 1950s, field experimentation was initiated 
in which better control of factors was obtained. Usually, 
a monoculture was employed or two crops were used in 
rotation. McAuliffe et al. (1951) observed a residual 
effect on the yield of oats from P applied 8 years before. 
An application of P in the eighth year of the experiment 
gave a yield increase for all levels of P applied eight 
years before demonstrating that the residual P, even at 
the highest level of P application at the beginning of the 
experiment, was insufficient for maximum yields. Button 
et al. (1956) reported five years of data from an experiment 
conducted to study corn response to levels of N, P, K, and 
limestone using the same plots. Response to P was signifi­
cant in all years but it decreased over time. In the first 
year, the response was linear, but for the last year the 
response was described better by a quadratic model showing 
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the influence of P applied during the first years. Peck 
et al. (1965b) showed that the amount of available soil P 
accumulated from past fertilization was as important for 
beet yields as the P applied in a band in the same year. 
Matocha et al. (1970) reported on a study conducted to 
measure the effect of residual and currently applied P on 
sorghum yields. The data showed that the sorghum yield 
was influenced by the rate of P application regardless of 
the year in which it was applied and that applied P remains 
available for more than 10 years. 
Thompson and Robertson (1970) reported a residual 
effect on soybeans yields due to a P application on corn 
4 to 6 years before. Grain, forage, root, and nodule yield 
responses to residual P were quadratic in nature. Alessi 
and Power (1980) found a residual effect of applied P on 
wheat, but an annual P application in a band was required 
to obtain maximum yields. Hooker et al. (1983) found that 
as a consequence of high levels of available soil P at the 
beginning of an experiment the corn yield response to 
fertilizer P was small. 
The approach that consists of one or two crops and a 
few treatments has been used widely throughout other 
countries in the world. Wheat has been the most common 
crop used in monoculture or in a rotation with other crops. 
Woodroffe and Williams (1953) found in Australia that P 
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influenced the wheat yields and that there was a residual P 
effect in the second year. They reported that only a small 
amount of P was recovered by the crop from the residual P 
still remaining in the soil after two years. During 20 
years of use of P in a wheat-wheat-fallow rotation in Canada, 
Spratt and McCurdy (1966) observed residual effects of P 
at any level of P application and that there was a tendency 
to increase or decrease the wheat yields depending on the 
application of higher or lower levels of P. 
In Australia, McClelland (1968) studied the effect 
of superphosphate on wheat over a 26-year period and re­
ported residual effects of P at all levels studied. The 
residual effects were greater at higher levels than at lower 
levels of P application. At the end of the study, the 
residual P was more important than currently applied P in 
determining yield responses. 
Filipov (1970) found that fertilizer applied to maize 
had a residual effect on a following wheat crop in Bulgaria. 
He found a residual effect of P, which was enhanced by P 
applied to the wheat. Total P removed was less than the 
applied P and P uptake was the main factor in defining 
nutrient status of the soil. Garg et al. (1971) reported 
on an experiment in India where the P applied to cowpea 
fodder had a residual effect on wheat growing the following 
season. Velchev and Simeonov (1971) in Bulgaria found that 
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a favorable effect of currently applied P on wheat was 
greater when no P was applied previously and decreased when 
P was applied to a preceding sunflower crop. A recommenda­
tion of P was suggested for sunflower and wheat to obtain 
optimum yields. 
Mamarova et al. (1975) conducted research in Bulgaria 
to measure the residual effect of fertilizer applied to 
peas on maize yields at several locations. Their findings 
were; (1) the maize response to fertilizer P applied to 
peas varied according to soil characteristics; (2) there 
was a correlation between yields and P applied previously; 
(3) residual P uptake was enhanced by N fertilization; and 
(4) the profits from residual effects were greatest on 
leached soils. 
A study was conducted by Bailey et al. (1977) in 
Canada using a rotation of wheat and flax. They reported 
that there was a residual effect of P in all eight years 
of the study. The lowest amount of P applied was sufficient 
to increase the yields of both crops although P uptake by 
wheat was twice that of flax. An experiment with wheat 
was conducted in Canada for eight years and was reported 
by Read et al. (1977) . They found a residual effect for 
the lowest P level in the eighth year after the P applica­
tion. Higher P levels gave little yield advantage for the 
period of study. Phosphorus uptake throughout the eight 
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years was increased by P application but recovery efficiency 
of higher levels of P was lower than the recovery efficiency 
of lower P levels. Higher P rates applied to alfalfa had 
a higher residual effect than lower rates on the yields 
of subsequent crops of wheat in Czechoslovakia (Macuha, 
1978). 
In Brazil, Eira et al. (1974) found that black-bean 
yields were increased due to a P application during the 
first year, but there was no yield increase produced by 
residual P during the second year. In Malaysia, Lim and 
Shen (1978) found that after two years and six crops of 
corn, 100 kg P per ha applied for the first crop was pro­
viding enough P for maximum yields although differences in 
P content in the plants were present through the third 
cropping season. 
A yield response to residual P is not always present; 
e.g., Reddi et al. (1973) in India pointed out the lack of 
yield response of soybeans to residual P after a rice crop. 
Similar results were obtained in Sudan when sorghum was 
grown after cotton (Burhan and Said, 1975); in Korea when 
barley was grown after rice (Chang et al., 1976); and in 
India for wheat following rice on a sodic soil (Dargan et 
al., 1980). This lack of response was related to the 
existing levels of available soil P or to management 
practices. 
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Another approach employed has been the use of a crop 
sequence of several crops. This type of experiment per­
mitted the use of different levels of P applied at different 
times to different crops in a relatively simple experimental 
arrangement using a split-plot design. Mannering et al. 
(1959) used this approach to study the residual effects of 
P on the rotation of barley-3 years alfalfa-field beans 
and sugar beets for six years. A yield response to residual 
P was present only during the later years, but residual P 
increased the P content of the crops during all of the 
years. 
Hunter et al. (1961) used a six-year rotation, which 
included barley-3 years alfalfa-corn-sugar beets, to study 
the residual effect of P. Their results showed a residual 
effect for all levels and for all years although there 
were different magnitudes of the response by each crop to 
residual P. Working with a similar rotation, Leamer (1963) 
found an increase in response over time. The response 
curve changed from convex in the first years to concave 
in later years. The different crops were more responsive 
to current applications of P than to residual P. Similar 
results were reported by Campbell (1965) using the same 
rotation. 
The crop rotation does not always respond to residual 
P. In some instances, there was no response or only a few 
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crops responded (Giskin et al., 1972). In one study, the 
lack of response was related to low seed germination caused 
by excessive P and/or some imbalance of nutrients caused 
by a large amount of P in the soil (Riddley and Tayakepisuthe, 
1974) . 
A more complex experiment, which included different 
crops and different management systems, was done by Jansson 
(1978) in Sweden. Two production systems were tested: (a) 
farming with cattle without using P fertilizer and (b) 
farming without cattle but with different levels of P 
fertilizer (none, replacement, double replacement, and 
rapid enrichment). The results showed better yields for 
farming with cattle, but with ample use of P fertilizers 
there was no difference in yields. Simple replacement of 
P was inadequate due to fixation in the soil. 
Besides the amount of P applied and time elapsed since 
the last P application, there are other factors that influ­
ence the magnitude of the response to residual P. One of 
the most studied has been the kind of crop and its place 
in a rotation. 
Sharma and Saxena (1968) in India found that in a 
sorghum-wheat rotation there was no residual response of 
wheat grain to P applied to sorghum. A yield response to 
residual P was observed, however, when the rotation was 
green manure-wheat. Burhan and Said (1975) measured the 
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residual effect of P applied to cotton on the yields of 
sorghum, dolichos, and wheat. They found a consistent 
response by dolichos, inconsistent response by wheat, and 
no response by sorghum. 
In Korea, Chang et al. (1976) found that when barley 
was grown after rice, no residual effect was observed. 
When rice was planted after barley, however, a large re­
sponse to residual P was observed. They suggested that the 
lack of response in the rice-barley sequence was due to 
the conversion of P in paddy soils to insoluble forms. 
Gajbhiye and Goswami (1981) in India found no residual 
response to P by bajra (Pearl millet), but they did find 
a response with wheat. Pigeon pea was more efficient than 
wheat in the use of residual P (Rao and Bhardwaj, 1981). 
Aulakh and Pasricha (1979) found a residual response to 
P in Phaseolus aurus L. whether the preceding crop was 
Cicer arietinum L. or Lens cultinaris L. 
An interesting influence of time on the response to 
P is reported by Quintero and Lora (1977). They showed 
that cauliflower (Brassica oleracea L.) grown in a second 
season on a plot that received P the first growing season 
gave a greater response to residual P than to freshly 
applied P in the first year. This indicated that P, which 
was not available in the first season, became available 
later on. 
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Another factor studied has been the source of P used. 
The common finding was that the greatest residual effect 
was obtained with triple superphosphate and the lowest with 
rock phosphate (Prasad and Govil, 1974; Prasad and Singh, 
1980) . In India, Krishnappa et al. (1979) found the greatest 
residual effect with dicalcium phosphate and the lowest with 
rock phosphate. Triple superphosphate had an intermediate 
effect. 
In India, Das and Patra (1977) found that the residual 
effect was related to the placement of fertilizer P. They 
found that for Phaseolus aureus (Roxb) grown after wheat 
the residual effect was related to the amount and placement 
of P for wheat. The best results were obtained when P was 
applied below the seed, followed by broadcast, and the 
poorest effects were when P was applied between the rows. 
Precipitation has a direct influence on residual and 
current P effects. The optimum level of P was influenced 
by the amount of precipitation (Matocha et al., 1970). They 
found in sorghum that the highest yields were obtained in 
years when high precipitation occurred during the growing sea­
son, and the amount of soil P required to obtain maximum 
yields was lower than for years with low yields and low pre­
cipitation. These researchers suggested a direct relationship 
between the amount of precipitation, the quantity of water 
in the soil, and the diffusion rate of P to plant roots 
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as an explanation for the low levels of P required in wet 
years. Bailey et al. (1977) found that available soil 
moisture positively influenced P uptake of residual P. 
Petrov (1975) found that an increasing level of residual 
P reduced the influence of unfavorable conditions. 
Singh and Gupta (1977) in India showed that the 
residual effect of P was not directly related to the amount 
of P applied but to the yield obtained and to the P uptake 
in the first cycle. Biological yield was limited by the 
amount of P applied the first cycle, and when the yield in 
the first cycle was maximum no residual effect was observed 
later on. The yield of wheat after peanuts was not 
affected by residual P alone; however, when P was applied 
with N to the peanuts, a residual effect of P was observed 
(Georgiev, 1977). Mamarova et al. (1975) observed a posi­
tive interaction between currently applied N and residual 
P on maize yields. 
The works reviewed so far have been done on soils 
located in a temperate or subtropical climate. The resid­
ual and current effect of P is quite different on soils 
located in a tropical climate. For instance, Kamprath 
(1967) found that corn yields showed a residual effect to 
P applied eight years previously on high P-fixing soils. 
The response was related to the initial amount of P applied, 
and an increased response to annual P applications was 
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observed when the initial P application was increased. On 
a lateritic red soil and using sorghum as a crop, Arndt 
and Mclntyre (1963) found that residual P effects were 
related to level and source of P used. The residual value 
increased as the level of applied P was increased. Super­
phosphate left a residual value of 7% of the initial amount 
applied after seven years of cropping compared to 60% left 
from the rock phosphate source. A response to residual P 
was observed in corn and pastures on a ferrisol, and there 
was an interaction with N and K (Marandu et al., 1975). 
As in other cases, the response to residual P was influenced 
by the crop, e.g., wheat following fallow did not respond 
to residual P; however, barley after wheat did show a re­
sponse in the same soil conditions (Piper and de Vries, 
1964). 
The placement and the amount of P applied are important 
factors affecting the residual effects in tropical soils 
as was reported by Yost et al. (1979). They reported a 
response to broadcast P rather than to band applied P in 
the first years, but the situation was reversed in later 
years. When large amounts of P were applied, there was 
no difference due to placement of P for corn growing in 
the fifth year in a monoculture system (Yost et al., 1981). 
There have been several reviews of residual P investi­
gations throughout the world. These reviews lead to 
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different conclusions depending on the particular condi­
tions in which the experiments were conducted. Peterson 
et al. (1953) reviewed phosphate fertilizer investigations 
conducted in 15 western states through 1949. They pointed 
out the influence of residual P on crop yields of alfalfa, 
sugar beets, potatoes, and barley two years after a P 
application. For other crops like sugar beets, alfalfa, 
and a rotation of alfalfa-potatoes-wheat, responses were 
observed for seven years after initial P application. 
They concluded that the residual effect was related to 
the amount of P initially applied. 
A review of the 30-year residual value of phosphates 
in Alabama was done by Ensminger (1960). Some of his con­
clusions were: (a) soil analyses showed that P accumulation 
in the soils was proportional to the amount of P applied, 
(b) residual effects, measured by crop yield, were propor­
tional to the amount of P applied, (c) residual effects 
were different according to source of P used, and (d) the 
amount of P fixed should be considered in fertilizer 
recommendations due to its residual effect. 
A review of the value of residual nutrients in long-
term experiments conducted for 100 years at Rothamsted, 
England, was done by Johnston et al. (1969). They reported 
that the yield response on P-enriched soils was influenced 
by the crop and by the presence of N and K. The percentage 
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of annual recovery of residual P was very small (0.5 to 1%). 
Because high yields always were related to a high P con­
tent in the plants, they recommended an annual application 
and placement of P where the plants can absorb it instead 
of building the P content of the soil to a certain level. 
A review of works on residual fertilizer P in western 
Canadian soils was done by Sadler and Stewart (1974) . They 
concluded that a considerable portion (75%) of the fertilizer 
P, not used by a crop during the year of application, remains 
in a chemical form that is available to following crops 
according to root growth and certain critical parameters. 
Besides an expression of P content in the soil, they sug­
gested the use of expressions for the rate of diffusion 
of P. They also suggested the use of complex models to 
study the residual effects of P, the collection of more 
complete information on the crops and the soils, and the 
standardization of measurements in order to gain a better 
understanding of the residual P process. 
In India, Khanna and Chaudhary (1979) did a review of 
the residual effects of P. They pointed out that the 
utilization of P by crops during the first year was usually 
between 10 to 30% of the total P applied. The residual 
effects were influenced by the amount of P applied, the 
crop, and soil conditions. 
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Influence of residual and current P on grasses and pastures 
A great effort has been dedicated to study the residual 
and current effect of P on grasses and pastures. There are 
two principal reasons for this effort: the relative higher 
response of pastures to P, and P is an element required 
in animal nutrition. Hanway et al. (1953) studied the 
effect of P and K on a meadow for two years and found that 
P influenced the yield in both years and there was a resid­
ual response to P which was related to the plant species 
in the meadow. Timothy responded to residual P, but alfalfa 
did not respond. The percentage of P recovered by the crop 
was inversely related to the amount of P applied. Thomas 
(1964) showed that initial P applications to alfalfa in­
creased the yield during five years and that the same tendency 
was observed for P uptake by the plant. The recovery of 
P by the plant was inversely related to amount of P applied. 
Barrow (1966) postulated that the response to residual 
P was more related to the time elapsed since the last P 
application than on the total amount applied. He omitted 
P for either 1, 2, or 3 years and measured yield on a 
mixture of clover and different grasses. He found that 
the time required to obtain a P response was related to 
the initial P content in the soil. For soils with a high 
P content, omitting P applications for three years did 
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not have any effect on the yield, but omitting P for only 
one year on sites with a low P content decreased yields. 
Black (1968) found different responses to residual P 
in Montana on crested wheat-grass and on native grass. 
Response to residual P by different pastures was related 
to time of harvesting (Cameron and McGrovan, 1969) . Winter 
yields responded more than spring yields, and the different 
response was related to weather conditions. The magnitude 
of response to P applied the same year was directly related 
to total amount of P applied before the growing season on 
a wheat-pasture-pasture-fallow rotation (McClelland, 1968). 
A residual effect was present from P applied previously 
in a native range, but this effect was not correlated to 
any simple soil characteristic (Read, 1969). The residual 
effect of P in matgrass pasture (Nardus stricta L.) was 
shown to be affected by the management of livestock (Totev, 
1977). The residual effect of P was increased when sheep 
were not confined, but decreased when sheep were confined. 
For pastures, the emphasis has not been on obtaining 
maximum yields but on maintaining a constant yield 
throughout a certain period. To obtain this goal, the 
best management approach is to use soil analysis (Bruce, 
1975; Rayment, 1977) . 
Response to residual P is not always present in 
grasslands and pastures (Penny et al., 1980; Fixen and 
22 
Ludwick, 1983) . Even where a residual response to P is 
present, the best choice may be a maintenance application 
of P (Tudsri and Whiteman, 1977). In recent years, there 
has been a tendency to study the influence of P on crops 
by using models with different characteristics. Rayment 
and Heljar (1980) discussed different models used for 
grasslands. 
Influence of Past Fertilizer-P Applications 
on the Availability of Soil P 
A high proportion of studies show a direct relation­
ship between past P application, increase in available 
soil P, and yield increases (Ware et al., 1942; Hanway 
et al., 1953; Mannering et al., 1959; Ensminger, 1960; 
Spratt and McCurdy, 1966; Read et al., 1973; Riddley and 
Tayakepisuthe, 1974; Sadler and Stewart, 1974; Bailey 
et al., 1977; Read et al., 1977). The literature cited 
in this section shows that in some research an increase 
in P content of the soil was not matched by an increase 
in yields, an increase in yield was not related to an 
increase in soil P content, and other variables influenced 
the soil P values. The methodology used in some research 
appears to have value for future applications. 
An increase in P content of the soil does not always 
cause a yield increase. Giskin et al. (1972) found that 
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an increase in soil P due to past P applications did not 
have a positive effect on crop yields. They explained 
that this lack of response was due to a high soil-P con­
tent at the beginning of the experiment and the low P-fixing 
power of the soil. Similar results were obtained by Hooker 
et al. (1983) on corn. 
A different situation was observed on sorghum grown 
on a calcareous soil by Matocha et al. (1970). They found 
a lack of relationship between available P content in the 
soil and P applications, but there was a positive relation­
ship between yield and applied P. Petrov (1975) found an 
insignificant increase in P content in the soil with 
increasing P applications, but there was a yield increase 
in wheat. He suggested that the lack of correlation between 
available soil P and yields was due to an inadequate soil 
chemical analysis. 
An extreme situation was found by Robertson et al. 
(1968). They reported that the amount of P in the soil 
decreased as the amount of P applied was increased, but 
uptake by the crop increased. They proposed that the P 
was in the plow layer in forms not extractable by the 
chemical method used, but still was available to the crop. 
There was a decrease in the soil P content when no 
P was applied for several years (Weeks and Miller, 1948; 
Peck et al., 1965a; Spratt and McCurdy, 1966; Spratt et al.. 
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1980) . Young et al. (1960) reported that no P applications 
for 40 years caused an appreciable loss of P. A relation­
ship between an increase in the soil P content and the 
soil P content existing at the beginning of the experiment 
was detected in plots treated with P every four years 
(Young et al., 1960). The soil P content increased with 
any treatment of P for 38 years in comparison with the 
check in a four-year rotation (Riddley and Hedlin, 1962). 
Seven years of P application increased the available P 
content in the soil but a fast decline in available soil 
P was observed in the first two years when P was discon­
tinued (Peck et al., 1965a). 
Bohling (1971) found that the amount of available P 
increased with annual additions of P and that the residual 
P substituted for P applied each year as measured by 
yields. Peck et al. (1971) found that to obtain an in­
crease of one unit in the P content of the soil, it was 
necessary to apply four times that amount as fertilizer. 
When large amounts of P were applied, a slow decrease in 
soil P values was detected afterward throughout 5 years. 
White and Doll (1971) found that available soil P 
was influenced by P applications in two different soils. 
For loamy sands and sandy loams, two to five pounds of P 
were necessary to increase available soil P by one pound 
per acre. For loams and clay loams, the amounts required 
were from five to seven pounds of P to increase available 
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soil P one pound per acre. They reported later that the 
Bray P-1 method extracted only 20 to 60% of the total P 
applied. 
Spratt et al. (1980) found a direct relationship between 
the amount of P applied and available soil P. They derived 
a regression equation to predict available soil P as a 
function of years as the soils were cropped. They used 
the equation to find that the time before a further appli­
cation of P was required to maintain a given yield was 
related to the initial P applied. Similar findings were 
reported by Campbell (1965). 
The available soil P content was found to be related 
to the source of P fertilizer used (Prasad and Govil, 1974) . 
These researchers found the following order of efficiency 
for sources: (1) triplesuperphosphate, (2) rock-phosphate, 
and (3) dicalcium-phosphate. The placement of P has an 
influence on soil P values. Phosphorus applied in a band 
was more effective in increasing soil P content than the 
same amount of P applied broadcast (Alessi and Power, 
1980). Contrary findings were reported by Peck et al. 
(1965a). 
Yost et al. (1981) reported a higher rate of decrease 
of P where larger amounts of P were applied previously in 
comparison to smaller amounts of applied P. They suggested 
that the cause of this decrease was due to the formation 
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of insoluble P forms and not to plant uptake of larger 
amounts of P. 
Methods to Measure Residual Effects of P 
The first methods for measuring residual P were chemi­
cal analysis of soil P content plus the history of past 
fertilization (Harper, 1925; Bryon, 1933; Peech, 1946). 
These chemical analyses of soil P did not correlate with 
yield increases and were of small value (Bryon, 1933) . 
Other researchers considered that the plant is the best 
standard to measure the availability of residual P to 
plants (Fried and Dean, 1952; Smith and Pesek, 1962) . 
This approach has been used extensively. 
The general approach to evaluate residual P has been 
based on a comparison of either the P composition of 
plants or the yields of crops grown on soils previously 
fertilized with either those grown on unfertilized soil 
or those continuing to receive adequate fertilization 
(Stelly and Morris, 1953) . McClelland (1968) proposed 
the use of yield data to measure current effect, residual 
effect, and cumulative effect of a P application. Results 
obtained in the field showed the residual value to be 
affected by such factors as amount of P applied, length 
of time since the last application, plant species, and 
chemical and physical soil characteristics. 
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Volk (1945) reported the P-fixing capacity of a soil, 
amount of P applied, and type and use of crops grown as 
the factors influencing the availability of residual P. 
Ensminger (1960) reported the amount of P applied, amount 
of P lost by erosion, crops, and P removed by the crops 
as the main factors influencing the extent of P accumulation. 
Smith and Pesek (1962) reported these and other factors 
affected the evaluation of residual nutrients, such as no 
response due to high levels of nutrients available in the 
soil, no discernible yield response under adverse condi­
tions, and the effects of other variables in crop rotations. 
Investigators of residual nutrients decided to look for 
other approaches that would give more consistent and reli­
able results than the conventional field approach. 
Radioactive isotopes were used by McAuliffe et al. 
(1951). They applied radioactive P to the soil and mea­
sured crop yields, amount of P in the plant, and soil P 
content. They did not find a residual effect of P on crop 
yields but did detect a residual effect by taking into 
account the P content of plants, the percent of P derived 
from the radioactive source, and soil analyses of P. 
Stelly and Morris (1953) used the same approach to find 
a yield response to residual P and an increase in plant 
P content. Radioisotope techniques also can be used to 
assess the P status of a soil. The best-known method was 
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that proposed by Fried and Dean (1952). The A value, as 
proposed by them, is discussed here. It is calculated from 
the basic equation, 
As/Bg = Ap/Bp , 
where is the amount of soil P available to the plants 
as the P in a standard P fertilizer which has been applied 
to the soil, Bg is the amount of a standard fertilizer 
applied to the soil in this case, and A^ and are the 
proportions of P in the plant coming from the available 
soil P and from the standard, respectively. If a new 
quantity is defined, 
A' 
where y is the proportion of the nutrient in the plant de­
rived from the standard and A^ and B^ have the same meaning 
as before, an A value can be calculated from the following 
equation, 
A = B(l-y) /y , 
where A and B correspond to A^ and B^ previously defined. 
The derivation of A values would give an evaluation 
of residual P. But two soils with a different history of 
past fertilization can have two different A values. A 
comparison of those values could give a measure of resid­
ual P in terms of freshly applied P. The A-value approach 
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has been used extensively in greenhouse studies and to a 
lesser extent in field studies. Prince (1953), Olsen et al. 
(1954), and McLean and Hoelscher (1954) have used it on 
greenhouse studies. All of these works generally showed 
a significant correlation between A values and available 
soil P. McLean and Hoelscher (1954) did not find a correla­
tion between A values and available soil P in greenhouse 
studies, and they concluded that both the chemical extract-
ants and A values failed to detect residual P. 
A values also have been calculated for a limited 
number of field experiments (Webb and Pesek, 1954; Caldwell 
et al., 1956; Smith, 1956; Smith and Pesek, 1962; Spratt 
et al., 1980). Webb and Pesek (1954) reported a signifi­
cant correlation between A values and oat yields. The 
correlation was better than between soil chemical tests 
and yields. They pointed out shortcomings of this method 
as requiring too much time and labor and a large variability 
in A values. 
Caldwell et al. (1956) found different correlation 
values between A values and results from chemical tests 
of available soil P. The highest correlation was found 
with Bray's adsorbed soil test and A values. Smith and 
Pesek (1962) reported on research to establish correlations 
between A values obtained from greenhouse studies and 
other measurements of P availability in the field. They 
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found the highest correlation value between A values from 
the greenhouse data and soil P obtained by the Bray and 
Kurtz P-1 method of soil analysis. They mentioned prob­
lems related to the measurement of A values from field 
data. Spratt et al. (1980) reported a significant correla­
tion between soil P content calculated from chemical tests 
and A values from data obtained in growth chambers. They 
pointed out that the A values were more erratic than soil 
tests. 
Another approach suggested to measure the residual 
value of P is the use of P-yield curves (Dean, 1954). In 
this method, a functional relationship is established be­
tween P application and the total amount of P absorbed. 
He proposed the extrapolation of the P-yield curves to 
their intersection with the X axis. This value should give 
a measure of the amount of available P in the soil in units 
of fertilizer source applied. This value is defined as the 
"a" value. 
Comparisons of "a" values from soils with different 
histories of P fertilization give an estimation of resid­
ual values of P. Dean (1954) found a significant correla­
tion between "a" values and A values. He pointed out 
problems related to the shape of the P-yield curves and 
to the values of their slopes. This approach has not been 
used widely in field research. Smith (1956) found 
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significant correlations between A values and "a" values 
obtained from P-yield curves for three different soils. 
Thomas (1964) found a high correlation between P applied 
and P absorbed by alfalfa, but the slope of the curve was 
small indicating a very low uptake. White et al. (1958) 
used nutrient yield curves to evaluate residual N in the 
soil. 
The use of chemical tests to evaluate the relative 
value of residual P in different soils has been the 
objective of researchers for some time. Eik et al. (1961) 
used the concepts and techniques of fertilizer evaluation 
proposed by Black and Scott (1956). Their results did not 
show an exact 1:1 relationship between the availability-
coefficient ratios and extractability-coefficient ratios 
for three chemical tests. The highest correlation was 
found between the availability-coefficient ratio and the 
0.03 N NH4F, 0.025 N HCL soil test. They concluded that 
this laboratory test provides an estimate of the relative 
residual value of fertilizer P. 
Barrow and Campbell (1972) proposed another approach 
to measure the residual value of fertilizer. They defined 
that at any point on a curve relating the current response 
to a level of past P application, the effect of the past 
application is given by the slope of the curve at that 
point, i.e., dy/dxl, where y is a measure of the P effect 
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and xl is the level of fertilizer application. If the 
response to freshly applied fertilizer, x2, is measured, 
the response to this fertilizer is given by dy/dx2. If 
the two measures of fertilizer are studied separately, the 
ratio of these two derivatives indicates the relative effect 
of the two fertilizers. If the two fertilizers are studied 
simultaneously, the appropriate measure is the ratio of 
partial derivatives (dy/dxl to dy/dx2). These researchers 
used this method in a greenhouse study, and they found 
that in a second year the previously applied fertilizer-P 
was less effective than the current application. They 
pointed out the importance of the model chosen for this 
approach and its influence on the measurements obtained. 
In recent years, the study of residual P has involved 
different types of models. Russell (1977) proposed a 
mechanistic model and took into account the main fluxes 
affecting available nutrients in the soil. Barrow and 
Carter (1978) modified the same model to include variables 
related to the loss of P in the system. Larsen and Probert 
(1968) and Cox et al. (1981) proposed a descriptive model 
to calculate the amount of fertilizer needed to establish 
and maintain a given soil test level. The general charac­
teristic of these models is their increased complexity. 
Russell (1977) pointed out that increased complexity may 
not necessarily lead to great usefulness. 
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Economic Analyses of Residual Fertilizer Effects 
Although the residual effects of fertilizer on yields 
and on level of soil nutrient content have been known for 
some time, there have been few economic analyses reported 
(Lanzer and Paris, 1981) . 
The approach used to estimate optimal fertilizer rates 
has been to obtain a point on a response curve where the 
cost of an increment of fertilizer equals the increase in 
returns (Heady, 1952). In this case, fertilizer is assumed 
to be an input yielding returns only in one year; however, 
in some cases fertilizer has a residual effect. Then, 
current and residual effects of fertilizer need to be 
considered. 
One of the first works related to the economic evalu­
ation of residual fertilizer was reported by Heady et al. 
(1955). They considered a residual effect from one year 
to another on corn. By taking into account the first and 
second year yield responses and the value of corn and 
fertilizer, they calculated the amount of fertilizer to 
apply the first year to obtain optimum yields. Pesek et 
al. (1960) reported on a study that evaluated the residual 
effect of N and P fertilizers. In this study, the dis­
count rate influenced the optimum N recommendation; as 
the discount rate was increased, the optimum recommended 
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amount of N decreased. This decrease was observed most 
clearly for a high fertilizer to corn price ratio. They 
also found an influence of the discount rate, the number 
of years being discounted, and the fertilizer P to corn 
price ratio on the optimum amount of P fertilizer to be 
recommended. Additionally, as the period of the residual 
P effect increases, the optimum rate of fertilizer appli­
cation at any given discount rate will increase. They 
concluded that the optimum P rate is affected most by 
residual fertilizer effects at the highest fertilizer to 
corn price ratio. 
West and Thompson (1963) did a comparison among 
different fertilization programs for three crop rotations 
for a 10-year period. The fertilization programs were: 
immediate build-up, gradual build-up, fertilization for 
higher yields, and fertilization for moderate yields. The 
cost of the programs, the timing of the fertilizer costs, 
and the ratio of returns were different for each fertiliza­
tion program. The rotations did not have any influence 
on the fertilization program. When the flow of added 
net returns was discounted to a present value, the added 
returns decreased but did not result in any absolute 
change among the different fertility programs. 
Olson et al. (1982) evaluated the economic and agro­
nomic impacts of varied philosophies of fertilizer 
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recommendations throughout eight years. They found that 
the surest method to obtain most economic yields is the 
nutrient sufficiency approach when adequately calibrated. 
Stauber and Burt (1973) used a different approach to 
calculate the optimum amount of N when the carry-over of 
this element was important. In this approach, the yield 
response function and N carry-over function were used. 
The carry-over function was estimated implicitly by a 
first-order differential equation. The solution to an 
equation including yield responses and carry-over provided 
the equilibrium level of N to apply. This is a simplifi­
cation of most sophisticated models of dynamic programming 
when carry-over is considered. 
The dynamic programming approach seems to be useful 
to deal with fertilizer recommendations when the residual 
effect is important. Dynamic programming is a multistage 
process. Multistage decision process is a sequence of 
decisions which maximize or minimize an objective function. 
Stage is an interval into which the process is divided. 
State is the description of the condition of the process 
and is defined by the magnitudes of state variables and/or 
qualitative characteristics. Decision making at a given 
stage controls the state of the process in which the fol­
lowing stage will be found with the control being deter­
ministic or stochastic (Burt and Allison, 1963). The 
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approach of dynamic programming has been used to study 
the optimum amount of fertilizer P in sorghum in Australia 
(Kennedy et al., 1973) and in soybeans in Brazil (Lanzer 
et al., 1981). Stauber et al. (1975) used the same approach 
to study the optimum amount of N for grasses in the United 
States. In all of the cases, the carry-over effect was 
considered to be important. 
In recent years, the tendency has been to study P 
fertilization from an economic viewpoint by using different 
mathematical models. Gunnarsson (1976) proposed a model 
based on yield levels and applied fertilizer required to 
maintain a certain soil fertility level. By combining 
that information and using relevant economic indexes, the 
optimum amount of fertilizer can be calculated. 
Sinclair and Cornforth (1981) proposed a model called 
"superchoice" to calculate the P requirements of grasslands. 
With this model, a maintenance level of P is calculated 
according to losses from the system and the initial P 
application. Another model was proposed by Helyar and 
Godden (1977) . They proposed a model to be used in a wide 
range of experimental conditions and a new method to cal­
culate profits. As a consequence, a new model was proposed 
to study the efficiency of fertilizer use in both physical 
and economical terms. 
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Summary 
The most important conclusions drawn from the review 
are: 
1. There is enough evidence to show that a portion 
of the amount of P applied during one cycle re­
mains in the soil and can be used by the following 
crops. 
2. The influence of the residual P in increasing 
yields depends on such factors as the amount of 
P applied, time since the last application, nutri­
ent source, method of application, crop grown 
and use, soil physical and chemical characteristics, 
amount of precipitation, and others. 
3. As a general rule, the amount of P found in a 
soil as a consequence of past applications is 
directly related to the amount of fertilizer P 
applied and time elapsed since the last applica­
tion. Other variables have less influence. 
4. There is not a single best method to measure 
residual P. Each method has advantages and dis­
advantages depending on the objective of such a 
measurement and on the environmental conditions 
in which a measurement is made. 
5. The economic analysis of residual fertilizer 
effects has not been studied intensively. The 
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few results show the need of considering the 
yield response for more than one year, the present 
value of future yields, and the rate of discount 
of returns. 
6. There is a general tendency to use different 
types of models to study the residual P effect. 
The models are mechanistic or descriptive, and 
there is a trend toward complicated models. 
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MATERIALS AND METHODS 
The presentation of the data and materials used in this 
dissertation is divided into five categories: field experi­
ment, analytical methods, statistical analyses, measurement 
of residual and annual P effects, and economic analyses. 
Field Experiment 
A field experiment was initiated in the spring of 1974 
to obtain data to meet the objectives of this study. This 
experiment is being conducted at the Agronomy and Ag Engi­
neering Research Center. 
Soil test values for soil samples taken in the spring 
of 1974 before the initiation of the experiment are shown 
in Table 1. The initial P content of the general experi­
mental area was high, and the soil K content was low (Voss, 
1982). The soil pH was neutral. 
The Nicollet-Webster complex consists of nearly level 
to moderately steep, somewhat poorly drained and poorly 
drained, loamy and silty soils formed in glacial till. A 
complete description of these soils was done by Simonson 
et al. (1952). The Nicollet series consist of somewhat 
poorly drained soils on plane or slightly convex ground with 
slopes ranging from 1 to 3 percent. Permeability is moderate. 
Webster soils are similar to Nicollet soils, but they are 
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Table 1. Soil characteristics for residual P experiment 
Soil characteristic Value 
P, kg/ha 48.00 
K, kg/ha 145.00 
pH 7.02 
Series Nicollet-Webster Complex 
poorly drained soils and are located on broad, nearly level 
areas with slopes ranging from 0 to 2 percent. Permeability 
is moderate, and Webster soils have grayer B horizons than 
Nicollet soils. Nicollet is an Aquic Hapludoll and Webster 
is a Typic Haplaquoll (T. Fenton. Agronomy Dept., Iowa State 
University, personal communication). 
There was an extreme variation in the soil types within 
plots and replications. These variations in soil conditions 
made the evaluation of residual P effects less precise than 
it would have been on a more uniform soil area. 
The experiment was located in a field which had been 
in an oats-soybean-corn rotation in prior years before 
this experiment was started. Preparation for planting 
was done during the fall of 1973 and spring of 1974 and 
consisted of fall plowing and a disking and field cultiva­
tion in the spring. 
In the spring of 1974, applications of none, 147, and 
294 kg P/ha were applied to create three basic soil test 
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levels of P. After the first year, the three basic soil 
levels of P each received annual applications of 0, 11, 22, 
and 33 kg P/ha. The treatments related to the three initial 
P applications are designated Pq, P^, and P^ and the treat­
ments consisting of the four annual P applications are 
designated Pq, P^i' ^ 22' ^33' treatment combina­
tions and the notation used are shown in Table 2. The 
experimental design was a randomized complete block design 
arranged in a split-plot; the main plots were the three 
basic soil rates of P applied initially and the subplots 
were the four rates of annual P applications. The treatment 
combinations were replicated three times. Three replica­
tions were used for growing corn and three for soybeans 
each year. In the following year, the crops were rotated 
for the same group of replications. The size of the subplot 
2 2 
was 73.5 m , and the main plot was 294 m . The total experi-
2 
mental area was 5292 m . The distribution of plots in the 
field is shown in Figure 1. 
The first year application of P was broadcast and 
disked into the soil in the spring before planting. The 
annual P applications were broadcast in the fall and plowed 
under. The source of P was concentrated superphosphate 
(monocalcium phosphate) with a formulation 0-20-0 on an 
elemental basis. Nitrogen as urea was applied to corn in 
the spring; the amount applied varied from 140 to 180 kg 
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Table 2. Treatment, P application, and notation employed for 
residual P experiment 
P application, kg/ha 
Treatment Initial Annual Notation 
1 0 0 Po^o 
2 0 11 Vll 
3 0 22 
^0^22 
4 0 33 
^0^33 
5 147 0 Pl^O 
6 147 11 
^1^11 
7 147 22 
^1^22 
8 147 33 
^1^33 
9 294 0 
^2^0 
10 294 11 Vll 
11 294 22 
^2^22 
12 294 33 P2P33 
N/ha during the 1974 to 1982 period. No N was applied to 
soybeans. A uniform amount of approximately 80 kg of K 
per ha was applied each year to both crops. 
Corn hybrids and soybean varieties changed from year 
to year, and the planting date changed also. Information 
on these variables is shown in Table 3. Corn was planted 
to have approximately 60,000 plants per ha. Corn and soy­
beans were planted in 75-cm row widths. 
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Table 3. Hybrids, varieties and planting dates for the 
residual P experiment 
Crop 
Corn Soybeans 
Planting Planting 
Year Hybrid date Variety date 
1974 Mol7xB73 April 25 Corsoy May 10 
1975 Mol7xB73 May 5 Corsoy May 14 
1976 Mol7xB73 April 27 Corsoy May 3 
1977 Mol7xB73 April 27 Corsoy May 10 
1978 Pioneer 3780 May 10 Nk 1474 May 12 
1979 Pioneer 3780 May 15 Nk 1492 May 15 
1980 Pioneer 3541 May 12 Nk 1474 May 12 
1981 Pioneer 3541 May 6 NK 1492 May 6 
1982 Pioneer 3707 May 20 NK 1492 May 16 
Corn leaf samples were taken each year when 75% of the 
plants had silk emergence. The leaf taken was opposite and 
below the primary ear shoot. Leaves were analyzed for 
total N, P, and K contents. 
At harvest time, the total numbers of stalks, ears, 
barren plants and two-eared plants from each corn plot 
were recorded. Corn yields were determined by shelling 
the corn from each plot. The shelled corn was weighed and 
a grain sample was taken for determination of moisture and 
chemical analyses. All corn yields were adjusted to 15.5% 
grain moisture. For soybeans, the weight of grain was 
taken and a subsample taken for chemical analyses. Soybean 
yields were determined at harvest moisture. Total N, P, 
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and K were determined on the grain samples. After harvest­
ing, all vegetative material was incorporated into the soil. 
Prior to each annual P application in the fall, soil 
samples consisting of 10 cores were taken from the 0- to 15-
cm layer of the four center rows of each plot. Available P, 
available K, and soil pH were determined by chemical methods 
on these samples. 
A moisture stress index for corn, developed by Dale 
and Shaw (1965) and modified by Shaw (1974), was calculated 
for this study. It is based on the principle that a stress 
condition for the corn crop develops when an imbalance occurs 
between two factors, available soil moisture and atmospheric 
demand for water. It also considers that a stress at dif­
ferent stages of development will differentially affect 
yields. It is computed for each day from the equation: 
Stress = 1-ET/ETP, where ET and ETP are actual and potential 
évapotranspiration, respectively. If the soil moisture 
supply can meet the atmospheric demand for water, the ET 
is equal to ETP and the stress for the day is zero. If no 
ET occurs because of lack of soil moisture, the stress for 
the day is the maximum value of 1.0. On days when ET is 
reduced because the available soil moisture to the plant 
can not meet the atmospheric demand for water, the stress 
value is between 0 and 1. 
The daily stresses are summed over five-day periods 
from 40 days before to 45 days after the 75% silking date 
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of the corn. The value of each period is weighted depending 
on the stage of plant development. Stress days prior to 
and during the silking period are weighted more heavily 
(multiplied by a larger factor) than those early or late 
in the growing season. The total degree of stress or stress 
index is computed by adding the weighted values from the 
eight periods before and the nine periods after the 75% 
silking date over a total of 85 days. 
The moisture stress index for each year was obtained 
from Dr. R. H. Shaw (Dept. of Agronomy, Iowa State Univer­
sity, unpublished data) who has computed the indexes at 
this research center for each year. 
Analytical Methods 
The method used for plant and grain analyses was a 
revised version of the procedure outlined by Hanway (1962). 
The finely ground grain or leaf material was oven-dried 
at 65°C for 24 hours. For the digestion, a 0.5-g sample 
was put into a 100-ml volumetric flask containing a small 
quantity of Cu catalyst and 10 ml of HgSO^. The mixture 
was digested on a hot plate by boiling until digestion 
was completed. It then was brought to volume with distilled 
water. 
Modifications were made in 1977. In the revised pro­
cedure, 0.25 g was weighed into a 73-ml digestion tube 
containing about 1.8 g of salt-catalyst mixture (100 g 
NagSO^f 10 g CuSO^.SHgO, and 1 g of Se) and 5 ml of concen­
trated HgSO^. The mixture was digested by heating in an 
electrically heated aluminum digester block until digestion 
was completed (365°C for three hours) and then brought to 
volume with distilled water, as suggested by Nelson and 
Sommers (1973) . 
Total N was determined by steam distillation of a 5-ml 
aliquot of the digest and 5 ml of 5N NaOH solution. The 
distillate was collected in boric acid indicator solution 
and titrated with standard HgSO^ (Bremner and Keeney, 1965). 
Total P was determined by a vanado-molybdate procedure, 
as described by Jackson (1964). A 5-ml aliquot of the digest 
and 25 ml of the vanado-molybdate solution were mixed 
thoroughly. After 60 minutes, the amount of yellow color 
developed was measured in a Klett-Summerson photoelectric 
colorimeter, using a 420 mu filter. 
Potassium was determined with an IL 143 flame photometer 
using Li as an internal standard (Hanway, 1962) . 
Measurement of pH, available P, and exchangeable K 
were made according to standard methods of the Iowa State 
University Soil Testing Laboratory (Hanway and Eik, 1973) . 
Field moist samples were analyzed by preparing a uniform 
mixture of soil and water. This was accomplished by weigh­
ing out the approximate equivalent of 100 g of oven-dry 
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soil into a mixing cylinder and adding an amount of deionized 
distilled water sufficient to provide 200 ml of water per 
100 g of oven-dry soil. The soil and water were stirred 
until a uniform suspension of the soil in the water was 
obtained. Subsamples of this mixture were taken volumet-
rically in the amounts needed for analyses, while the soil 
and water mixture was being continuously agitated. 
Soil pH was determined by taking an aliquot of 10 g 
of soil and 20 ml of water and placing it in a 50-ml beaker. 
The electrodes of the pH meter were lowered into the sus­
pension and a pH reading was taken immediately after stirring. 
Phosphorus was determined by placing a subsample of 
1.88 g of soil and 3.76 ml of water into a 30-ml shaking 
bottle and adding 15 ml of the extracting solution (commonly 
referred to as the Bray no. 1 phosphorus extractant). The 
mixture was shaken in a mechanical shaker for five minutes 
and filtered. Ten ml of the solution were mixed with 0.5 
ml of a molybdate reagent and 0.5 ml of the dilute reducing 
agent. The solution was allowed to stand for 15 minutes 
for a blue color to develop. Color intensity was determined 
by an Evelyn colorimeter using a 660-mm filter. 
The subsample of soil for the K determination consisted 
of 2.0 g of soil in 4 ml of water placed in a 25-ml shaking 
bottle. Exchangeable plus soluble K was extracted by neutral 
1 N NH^ OAc. The mixture was placed on a shaker for five 
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minutes and then filtered. Potassium in the extract was 
determined by a Perkin-Elmer flame photometer. 
Statistical Analyses 
The field and laboratory data previously described 
were used as variables in this study. The symbols, descrip­
tions, original units, transformation, and coding of the 
variables are presented in Table 4. The recovery of P in 
the grain was an additional variable and was calculated by 
multiplying yield times percent of P in the grain. 
An analysis of variance was calculated for each year 
and crop to determine the influence of treatments and repli­
cations on selected variables. The variables selected were: 
yield, leaf P content, grain P content, P recovered by the 
grain, and available soil P. The effects of treatment and 
replication were tested by comparing the values of the mean 
square with the values of the corresponding mean square 
error according to standard procedures for a split-plot 
design (Steel and Torrie, 1980). 
The initial P levels and annual P applications did not 
have a significant effect on grain yields of either corn 
or soybeans. Analyses of covariance were carried out using 
covariates which were thought to be important to improve the 
comparison among yields. The covariates included corn 
plant density, soil pH, and soil test K. 
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Table 4. Symbols, descriptions, units, transformations, and 
coding of the variables 
Symbol Identification of the variable 
Year Year that experimental data was obtained; last two 
digits used (74, 75, 76, 77, 78, 79, 80, 81, 82) 
Crop Crop: l=Corn, 2=Soybeans 
R Replication number: 1, 2, or 3 
T1 Treatment number of main plot: 1, 2, or 3 
T2 Treatment number of split-plot: 1, 2, 3, or 4 
Pi Rate of initial P applied, lb per acre, transformed 
to P, kg per ha; 0, 147, or 294 kg P per ha 
^2 Rate of annual P applied, lb per acre, transformed to P, kg per ha: 0, 11, 22, or 33 kg P per ha 
Y Yield in bu/acre transformed to quintals/ha 
SpH Soil pH: SpH-Minimum value 
Ps Soil test P in pp2m transformed to kg/ha 
NL Leaf N content in % 
PL Leaf P content in % 
KL Leaf K content in % 
NG Grain N content in % 
PG Grain P content in % 
KG Grain K content in % 
Ks Soil test potassium in pp2m transformed to kg/ha 
PD Plant density of corn at harvest in plants/acre 
transformed to plants/ha 
BP Barren plants at harvest in plants/acre trans­
formed to plants/ha 
MSI Moisture stress index 
Combined analyses of variance over years were carried 
out for crop yields, for P content in the grain, for amount 
of P recovered by the grain, and for soil test P. These 
combined analyses included as sources of variation: years, 
initial P levels, annual P applications, replications, and 
interactions of these factors. The effects of those vari­
ables were tested against different error terms, according to 
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standard procedures for this type of experiment (Mcintosh, 
1983) . 
Measurements of Residual and Annual P Effects 
Measurements were made of crop yields, P content in 
the grain, amount of P recovered by the grain, and available 
soil P. Regression models of these observations on rates 
of initially and annually applied P were determined to pro­
vide an evaluation of residual and annual P effects. A 
regression model of crop yields on available soil P was 
obtained also. 
Residual and annual P effects on crop yields 
Different regression models were calculated for each 
year and each crop for yields on rates of P applied at dif­
ferent times. The models included a quadratic and a square 
root model with interactions. To improve the different 
models, the variables that were not significant were deleted 
and new regression equations were calculated. For each 
crop, a quadratic model of yields for all years on rates 
of applied P was calculated. 
In most of the cases, the regression models of yields 
on rates of P applied at different times were not adequate 
to explain yield variability. A quadratic model of yields 
on available soil P measured after the cropping season was 
52 
obtained. Another model considered the available soil P 
obtained in the fall before the annual P application. For 
both crops and both measurements of available soil P, equa­
tions of yields on available soil P from all years were 
calculated. 
To measure the combined effects of moisture stress 
index and residual and annual P applications on yields, the 
procedure used was to first calculate a linear model of crop 
yield on the moisture stress index for each crop. This was 
considered as the base model to which variables related to 
rates of applied P and to measurements of available soil P 
were added, and the improvement of the base model in terms 
2 
of R was calculated. The best model was chosen in terms 
2 
of highest R and of agreement of the signs of the coef­
ficients with expected values. With this final equation, 
some basic relationships were established between crop yields 
and the variables included in the model. 
Residual and annual P effects on P content in the grain and 
on P removed by the grain 
Other variables selected to measure the influence of 
residual and annually applied P were the P content in the 
grain and P removed by the grain. Phosphorus content in 
the grain was regressed on rates of applied P in a linear 
model. This was done for each crop and year in which data 
were collected. A measure of the relative efficiency of the 
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two types of P was accomplished by calculating the ratios of 
the first partial derivatives of P content in the grain with 
respect to annually and initially applied P. The ratio was 
calculated for each year as a measure of the relative effi­
ciency of both times of P application on the change of P 
content in the grain. 
By using the amount of P removed by the grain, yield 
of P curves was calculated for each crop and year in which 
data were obtained. A linear model of removed P on initially 
and annually applied P was calculated. This model did not 
consider the interaction between the variables of applied P. 
Only equations with signs reasonable from an agronomic view­
point were chosen for the following steps. Two values of 
initially applied P (0 and 147 P kg per ha) were substituted 
into the equations. Since no interaction term was included 
in the equation, the resulting equations have the same linear 
term but different intercepts. The linear terms represent 
the proportion of annually applied P that is removed by 
the grain and the intercepts represent the amount of P re­
moved when no annual P application was made for each level 
of initially applied P. Each of these resulting equations 
was extrapolated to the negative segment of the abscissa. 
The negative values of the abscissa for each curve have 
different meanings. The extrapolated values for a zero 
level of initially applied P represent the amount of P 
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supplied by the soil in natural conditions (when no P was 
applied initially) in terms of an amount of annually applied 
P. The extrapolated value for the case of 147 kg per ha of 
P applied initially represents the P supplied by the soil 
in a natural condition plus the residual P coming from the 
first rate of initially applied P calculated in terms of 
annually applied P. Differences in the values of the 
abscissas are estimates of the residual P. 
The annual average P recovered by each treatment was 
calculated by using the P removed by each crop. The total 
amount of P removed was calculated by multiplying years 
times average annual removal. 
The efficiency of applied P was calculated by substract-
ing the total P removed in the grain for the zero P treatment 
combination from the total P removed in the grain for each 
treatment and dividing this amount by the total amount of 
applied P. This gives an estimate of the percentage of 
applied P recovered by the crop in the grain. 
Initial and annual P effects on available soil P 
In order to measure the influence of initially and 
annually applied P, a regression of available soil P on 
these P applications was calculated for each year. The 
model was linear for both variables with no interaction term. 
The relative efficiency of both P applications was calculated 
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by a similar method used for the P content in the crop grain 
(ratios of first partial derivatives). 
The amount of P required to maintain a certain P level 
was calculated from the equation for each year. Values of 
available soil P and the amount of initially applied P were 
substituted into each equation, and it was solved for the 
amount of P to apply each year. This amount was termed the 
maintenance requirement and was compared with the amount of 
P removed by the grain. The ratios between those quantities 
were calculated. 
The concepts of cumulative effect and residual effect 
of P as proposed by McClelland (1968) were employed in this 
study and the quantities associated with those effects were 
calculated. Quadratic and square root models of available 
soil P on time (years after the initial P application) were 
calculated for each treatment combination. Comparisons 
between those two models were done in terms of their rate of 
change and the time required to reach a rate of change of 
zero. 
Two other regression models were calculated. One model 
was obtained for a procedure suited to predict future values 
of a variable obtained throughout time. This procedure is 
called Forecast (SAS, .1982) and adjusts the observations on 
a time variable (trend) plus serial correlations in the 
error term. The other model was of available soil P on 
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rates of applied P, a time variable, a linear term of pH, 
and one selected interaction. Three equations (quadratic, 
square root, and general model) were compared for their 
ability to predict the real available 1983 soil P values 
obtained by chemical tests. 
The evaluation was made by using the differences be­
tween predicted and real available soil P values according 
to some of the criteria suggested by Wilson and Sebaugh 
(1981). These criteria included bias, relative bias, stand­
ard deviation, and the correlation coefficient between 
actual and predicted available soil P. The formulas used 
to calculate these indicators were: 
Bias = B = ^2di = d 
where di=Ps-Ps=difference between predicted and real avail­
able soil P for each treatment combination; relative bias= 
RB=100 B/Ps, where Ps=average actual available soil P; 
standard deviations=SD=(Var)where variance=VAR=Z —; 
and relative standard deviation=RSD=100 SD/Ps+d. 
The correlation coefficient was calculated according 
to standard formula (Steel and Torrie, 1980). 
Economic Analyses 
Three approaches were used for the economic analyses of 
this experiment: (1) available soil P was used as a measure 
of residual P; (2) a discrete method was used; and (3) the 
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costs of obtaining and maintaining certain levels of avail­
able soil P was calculated. In the analyses, the costs and 
prices used were $10.00 per quintal of corn, $35.00 per 
quintal of soybeans, $1.00 per kg of P, and an annual interest 
rate of 15%. 
Economic analysis using available soil P ^  a measure of 
current and residual P 
The procedure used is a modified version of the method 
proposed by Lanzer et al. (1981). The basic assumption is 
to establish yield as a function of P as follows: 
where is crop yield at time t, P^ is available P in the 
soil at time t, and is the recommended amount of fertilizer 
P to apply at time t. A carry-over function for P is 
established; 
where P^ is available P at time t, 0 is a parameter which 
expresses fertility carry-over as an exponential decay 
process (i.e., only a fraction 6 of available soil P in 
period t-1 was transferred to the next period) , and P^_^ 
and are available soil P and the P applied, respectively, 
in the previous period. It is not possible to know the 
exact value of P^ because soil chemical analyses are 
indexes of the "true" quantity of available P. It is 
%t = f(Pt + Xt) ( 1 )  
( 2 )  
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necessary to assume that soil test values, P*, are propor­
tional to the true level of nutrient availability, P^. Thus, 
Pt = AP* , (3) 
where A is the proportionality factor. Then, equation (2) 
is transformed to 
A P *  =  8 ( A P * _ i  +  X t _ l )  '  ( 4 )  
and from this equation the equation 
P» = e <p«.i + , (5) 
is obtained. 
The values of 0 and A cannot be estimated by linear 
least squares because they are nonlinear. Nonlinear regres­
sion techniques, using an algorithm developed by Marquardt, 
were used (Conway et al., 1970). This algorithm is well-
suited to biological data. With the A coefficient, it is 
possible to proceed with the estimation of the yield function. 
First, total P availability is measured as 
= ^ P* + , (6) 
where A is the estimate of A • A quadratic model in plus 
weather variables are included in the model, 
+ a^Z^ + a^fZ^l^ + a^MSI^ + a^Z^MSI + 
where the a's are regression coefficients, and MSI^ is the 
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moisture stress index at time t. The a values were calculated 
by linear least squares. 
Two values of Z were calculated: one to maximize the 
yield function, and the other to maximize the profit 
function. The first value was calculated by setting the 
moisture stress index at a fixed value, and then the first 
derivative of the resulting function with respect to Z was 
calculated. This partial derivative was equated to zero 
and solved for Z. The amount of Z to maximize the profit 
function assumed a residual effect of two years and was 
calculated by equating the first derivative of yield with 
respect to Z to the relationship as follows: 
^ ^ (Pf - oGPf) 
9Z aP ' ^ ' 
c 
S Y 
where is the first derivative of yield with respect to 
Z, Pg and P^ are cost of fertilizer and price of grain, 
respectively, a is the discount factor per period calculated 
by the formula a = where r is the interest rate, and 
0 is the proportion of fertilizer that is carried over from 
one year to another (Dillon, 1979). 
Discrete method 
The information collected for the eight-year duration 
of the experiment was used in this method. 
The average and total yields for the eight years were 
calculated, and from these data gross returns were calculated 
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by multiplying yield times price of the grain. The return 
obtained from the treatment Pq^O applied P) was sub­
tracted from each gross return to provide a measure of 
marginal returns. Total costs were calculated by multiply­
ing the applied P times the cost of one unit of P. Marginal 
costs were calculated in a similar way to marginal gross 
returns. The ratios of marginal return to marginal costs 
were calculated to indicate the economic feasibility of a 
P application. 
Similar calculations were done by using the present 
values of gross returns and costs. The present value of 
gross returns was calculated by applying the formula, 
G, G. 
° 71^  "" • • • 
where PG is the present value of gross returns, is the 
gross returns from year 1 to year 8, r is the interest rate 
(15% in this case), and t is the number of years from the 
beginning of the experiment. 
Similar calculations were done to obtain the present 
value of costs. The present value of marginal returns and 
present value of marginal costs were calculated by subtract­
ing from each treatment the present value of gross returns 
and the present value of total costs of the treatment with 
zero P application. Ratios between present values of marginal 
returns, and of marginal costs were calculated. 
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Because it was difficult to establish consistent rela­
tionships between treatments and profits, calculations were 
performed to obtain the increase in yield over the zero P 
treatment required to pay for the amount of applied P for 
each treatment combination. This was done for each year of 
the eight years of study by dividing the cost of a P appli­
cation by the crop price. 
Cost of maintaining a specific P level in the soil 
The general equation relating available soil P to rates 
of applied P, pH, and time was used to calculate the amount 
of P required to maintain two levels of available soil P. 
The procedure was to substitute into the equation two 
desired levels of available soil P, three initial rates of 
applied P, an average value of pH, and a time variable. 
The resulting equation was solved to give the amount of P 
required to be applied each year to obtain the two levels 
of available soil P. The total costs to obtain the avail­
able soil P levels were calculated by multiplying the total 
amount of P times the cost per unit of P. This total cost 
was divided by the price per unit of grain to give the num­
ber of units of grain over the zero P treatment required 
to pay for the P application. Any additional yield increase 
over the values obtained would be net profit. 
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RESULTS AND DISCUSSION 
This chapter is divided into four sections: (1) pre­
liminary analyses of the data obtained, (2) measurements 
of residual and annual P effects, (3) economic analyses, 
and (4) variance size and soil sample number in the deter­
mination of available soil P. 
Preliminary Analyses of the Data 
The individual observations for all of the variables 
at the plot level in this study are presented in Appendix 
Table Al. All of the variables are not influenced in the 
same magnitude by the P applications and, therefore, only 
some of them will be discussed in detail. The variables 
selected are; crop yields (Y), leaf P content (PL), grain 
P content (PG), P recovered by the grain (Rec), and avail­
able soil P (Ps). 
Because the first year of experimentation was used to 
establish the initial P levels and due to incomplete mixture 
of the large applications of P in the spring of that year, 
the results from the first year are not used throughout 
this dissertation. All of the variables were not measured 
for each of the years. A summary of the variables measured 
in each year is presented in Table 5. 
Table 5. Information 
residual P 
obtained 
experiment 
each 
a 
year for each crop in 
Analyses Moisture 
Year Crop Yields Soil Leaf^ Grain index^ 
75 Corn 
Soybeans 
X 
X 
X 
X 
X X 
X 
X 
76 Corn 
Soybeans 
X 
X 
X 
X 
X 
77 Corn® 
Soybeans 
X 
X 
X 
78 Corn 
Soybeans 
X 
X 
X 
X 
X 
X 
X 
79 Corn 
Soybeans 
X 
X 
X 
X 
X X 
X 
X 
80 Corn 
Soybeans 
X 
X 
X 
X 
X X 
X 
X 
81 Corn 
Soybeans 
X 
X 
X 
X 
X X 
X 
X 
82 Corn 
Soybeans 
X 
X 
X 
X 
X X X 
represents information obtained. 
'^Soil analyses include available P, available K, and pH. 
^Leaf and grain analyses include total N, P, and K in 
leaves and in grain, respectively. 
^Moisture stress index was calculated only for corn. 
®No yield data were obtained in 1977 because of extreme 
drought conditions. 
Crop yields 
Crop yields for the eight years of study (1975 to 1982) 
are shown in Tables 6 and 7. Within any given year, the 
yields of corn and soybeans are not influenced consistently 
Table 6. Corn yields at 15.5% moisture for each treatment of the residual P 
experiment 
Treatment 
Year^ 
75 76 78 79 80 81 82 
C^ U. Xllua. JL S. pGi lia." 
108.46 72.13 103.79 106.35 85.69 93.32 93.86 
^0^11 99.40 79.91 103.71 106.31 99.20 76.51 96.60 
^0^22 100.52 75.00 102.77 106.58 96.48 74.12 94.18 
^0^33 105.83 71.49 106.31 107.92 93.23 78.79 100.62 
104.12 83.62 107.14 106.16 102.58 87.61 96.69 
V i i  
95.45 73.11 106.96 108.86 106.22 80.37 97.34 
^1^22 102.25 78.16 103.75 110.22 101.97 81.50 93.68 
P1P33 92.92 70.99 103.84 109.82 90.49 72.45 95.03 
^2^0 98.48 68.84 105.47 110.58 93.96 87.54 96 .66 
^2^11 102.39 70.16 105.89 110.37 90.75 73.98 100.24 
^2^22 102.19 62.42 107.50 112.04 74.89 80. 27 97.02 
^2^33 94.91 70.60 105.34 110.97 89.10 7 2 . 9 5  98 .32 
^No harvest was made in 1977 because of drought. 
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Table 7. Soybean yields at harvest moisture for each treat­
ment of the residual P experiment 
Treat- Year^ 
ment 75 76 78 79 80 81 82 
quintals per ha 
^0^0 26 .68 20, ,34 31.79 26 .88 30. ,85 24 .34 29. 40 
^0^11 29 .04 17. ,43 31.12 28 .66 29. , 60 25 .54 31. 31 
^0^22 26 .98 19. ,17 30.85 28 .57 30. 70 28 .68 31. 65 
^0^33 25 .30 20. ,46 32.83 27 .32 32. 95 23 .80 32. 49 
Pl^O 29 .68 20. 44 33.58 26 .49 32. 14 23 .84 31. 45 
^1^11 28 .05 18. 51 32.73 27 .99 30. 13 25 .56 32. 35 
^1^22 28 .87 19. 55 32.18 29 .80 32. 06 26 .40 32. 33 
^1^33 27 .88 18. 86 30.47 25 .42 32. 08 23 .52 32. 33 
^2^0 25 .12 19. 82 31.27 26 .85 31. 35 24 .04 32. 05 
^2^11 27 .99 19. 76 32.87 26 .64 33. 28 24 .54 33. 76 
^2^22 24, .26 20. 07 31.01 27 .62 32. 87 23 .84 32. 56 
30. 11 19. 17 32.46 28 .92 30. 82 27 .46 31. 20 
^No harvest was made in 1977 because of drought. 
by the treatment combinations. The variation from year to 
year, however, is greater than the variation due to treatment 
combinations. For 1977, both crop yields were close to zero 
because of the severe drought and are not reported. In 1976, 
the lowest yields were obtained for both crops, but the year 
in which the highest yields were obtained was different for 
each crop; those years were 1979 and 1978 for corn and 
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soybeans, respectively. There was not much difference in 
the soybean yields for 1978, 1980, and 1982. There was a 
larger variability in yields from year to year for corn than 
for soybeans. 
The variability in yields can be explained by values 
of the moisture stress index that are shown in Table 8. 
There is a large variability in the moisture stress index, 
ranging from 0 in 1979 and 1982 to 47 in 1977, which was the 
year that crop yields were close to zero. It is observed 
that there is a relationship between corn yields and mois­
ture stress index values, however, this was not the case 
for soybeans. This lack of a direct relationship between 
soybean yields and the moisture stress index is because the 
moisture stress index was calculated for corn and not for 
soybeans. The data do not show a relationship between corn 
yields in 1975 and the moisture stress index. 
Table 8. Values of moisture stress index for corn for each 
year of the residual P experiment 
Year 75 76 77 78 79 80 81 82 
Moisture 
stress 22.9 17.9 47.2 1.2 0.0 12.4 11.1 0.0 
index 
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The results of the analysis of variance for each year 
and each crop are shown in Tables 9 and 10. Corn yields are 
not influenced by the P treatments or their interaction in 
the analyses of variance, with the exception of initial P 
levels in two years. This supports the conclusion drawn 
from the previous discussion. The variability observed 
within any given year is caused by chance. Soybean yields 
were influenced by annual P applications in two years with 
a 0.05 and 0.10 probability of type I error; the interaction 
between initial P levels and annual P application was sig­
nificant in one year at the 0.05 probability level. The 
variability associated with replications was important in 
three years. The fact that replications were important in 
explaining the variability of soybean yields, but not of 
corn yields, was probably due to an interaction of weather 
variables and soil characteristics influencing soybean yields 
and not just soil characteristics because the replications 
components were not significant each year for both crops. 
In general, there is more relative variability for corn 
than for soybeans as indicated by the magnitude of the 
coefficients of variability. 
The results of a combined analysis of variance for crop 
yields are shown in Table 11. In this analysis and in all 
the subsequent analyses, the initial P levels, annual P 
applications, and years are considered as fixed variables. 
Table 9. Analyses of variance for corn yields from the residual P experiment 
Source of Year 
variation^ d.f. 75 76 78 79 80 81 82 
Mean squares^ 
R 2 33.30 256.89 1.04 14.07 224.87 691.65 33.91 
T1 2 81.51 237.86 11.30 53.05^^ 517.88^+ 14.56 18.17 
Error A 4 97.72 191.07 8.93 11.67 118.48 390.82 56.80 
T2 3 60.93 31.82 1.35 7.66 119.01 387.10 22.41 
T1 X  T2 6 59.22 75.48 9.55 2.89 167.88 44.61 11.43 
Error B 18 42.54 155.17 6.66 11.38 182.36 264.83 24.73 
C.V. % 6.48 17.06 2.45 3.10 14.41 20.35 5.14 
represents replication, T1 represents initial P levels and T2 represents 
annual P applications in this and all tables showing analyses of variance. 
^For this table and all subsequent tables, the symbols **, *, ++, and + repre­
sent significance at the 0.01, 0.05, 0.10, and 0.20 probability levels, respectively. 
Table 10. Analyses o£ variance for soybean yields from the residual P experiment 
Source of Year 
variation d.f. 75 76 78 79 80 81 82 
Mean squares 
R 2 26.54 3.67 16.36* 8.11* 12.97 34.22* 1.41 
T1 2 12.85 0.51 1.06 0.64 3.35 2.03 4.64 
Error A 4 17.28 1.69 1.92 0.46 4.15 1.93 2.81 
T2 3 3.62 4.08 1.55 6.13* 1.72 7.52 3.85 
T1 X T2 6 13.04 2.22 4.20 5.15* 5.61 10.44 2.63 
Error B 18 7.94 3.66 2.82 1.57 2.79 8.46 1.50 
C.V. % 10.27 9.82 5.26 4.54 5.29 11.57 3.84 
Œi 
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Table 11. Combined analyses of variance for grain yields 
from the residual P experiment 
Source of Crop 
variation d.f. Corn Soybeans 
Mean squares 
Year 6 6200.62** 748.58** 
R (Year) 14 179.39 14.47 
T1 2 133.26 2.27 
Year x T1 12 133.50 3.68 
Pooled Error A 28 125.07 4.38 
T2 3 139.12 2.83 
Year x T2 18 81.86 4.23 
T1 X  T2 6 71.19 8.69++ 
Year x T1 x T2 36 49.98 5.80++ 
Pooled Error B 126 98.24 4.13 
C.V. % 10.54 7.29 
This assumption is related to the method used to calculate F 
values. According to the F values, the variability from 
year to year was significant with a probability of 0.01 of 
type I error for both crops, supporting the validity of the 
statements made about the yield variability from year to year. 
For soybeans, the interactions of initial P level by annual 
P applications and year by initial P level by annual P appli­
cations were significant at the 0.10 probability level. 
Two analyses of covariance were performed for corn 
yields to improve the yield comparisons within any given 
year. The first analysis of covariance used plant density 
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as a covariate (Table 12). The results show that this did 
not change the significance of the variables. 
Table 13 shows the results of the second analysis of 
covariance using plant density, soil pH, and available soil 
K as covariates. The significance of the treatment vari­
ables was not improved, although for one year replications 
and annual P applications were significant at the 0.05 and 
0.10 probability levels, respectively. 
Only one analysis of covariance for soybean yields was 
performed using soil pH and available soil K as covariates 
(Table 14). The use of these covariates did not improve 
the significance of the treatment variables although the 
magnitude of the mean square errors was decreased. 
The yield means adjusted by the covariates are shown in 
Appendix Tables A2 and A3. The yield differences within 
any given year are not statistically different as is indi­
cated by the analysis of covariance, but the yield variation 
from year to year is still of some magnitude. In spite of 
the magnitude in the adjustments for some treatments, it 
was decided to consider only the initial yields in further 
analyses because the adjusted yields were not statistically 
different. 
Leaf P content 
The percent P in the corn leaves given in Table 15 
shows the influence of the treatment combinations on this 
Table 12. Analyses of covariance for corn yields using plant density as a covariate 
Source of Year 
variation d.f. 75 76 78 79 80 81 82 
Adjusted mean squares 
R 2 40.86 353.03 2.66 16.06 151.70 692.89 25.49 
T1 2 47.46 270.07 14.57 19.69 273.76 14.09 14.56 
Error A 4 106.70 177.55 5.39 9.09 121.63 328.80 57.90 
T2 3 26.62 9.70 0.50 8.71 116.19 380.50 31.05 
T1 X  T2 6 40.13 72.73 10.49 3.31 133.53 44.20 14.86 
Cov (plant density) 1 164.97* 224.90 16.83 5.97 185.66 5.17 84.42* 
Error B 17 35.33 151.07 6.06 11.70 182.17 280.10 21.22 
C.V. % 5.91 16.83 2.34 3.14 14.40 20.93 4.76 
Table 13. Analyses of covariance for corn yields using plant density, soil pH, and 
available soil K as covariates 
Source of Year 
variation d.f. 75 76 78 79 80 81 82 
Adjusted mean squares 
R 2 77.96 560.36 0.79 11.33 438.21 1130.66* 10.80 
T1 2 76.13 72.44 13.38 7.02 51.22 144.17 21.06 
Error A 4 80.84 155.43 5.02 10.11 128.84 160.24 56.78 
T2 3 45.90 67.89 0.74 10.29 205.84 535.16++ 35.53 
T1 X  T2 6 46.83 36.77 9.58 1.35 60.73 186.25 18.50 
P D 1 13.01 6.36 16.93 15.78 346.13++ 21.02 74.00++ 
SpH 1 69.54 221.78 1.28 0.13 1730.10** 562.46 29.67 
K B  1 8.01 538.16* 2.40 12.58 6.05 1879.76** 8.50 
Error B 15 33.89 108.67 6.69 12.31 90.34 187.74 21.96 
C.V. % 5.79 14.27 2.46 3.22 10.14 17.14 4.85 
Table 14. Analyses of covariance of soybean yields using soil pH and available soil 
K as covariates 
Source of Year 
variation d.f. 75 76 78 79 80 81 82 
Adjusted mean squares-
R 2 15.25 3.03 1.06 0.14 7.43 4.07 2.00 
T1 2 1.03 0.62 1.70 1.45* 1.13 6.35 4.57 
Error A 4 15.21 2.28 1.37 0.12 3.89 4.04 2.51 
T2 3 4.75 3.04 0.46 3.03++ 0.63 0.32 3.75 
T1 X  T2 6 7.44 3.34 2.93 2.83++ 7.91** 2.78 2.44 
SpH 1 33.54* 5.45 8.16++ 7.09* 6.79++ 53.61** 2.31 
Ks 1 9.03 1.18 0.40 0.22 9 .83* 0.48 0.07 
Error B 16 5.25 3.44 2.62 1.07 1.81 3.23 1.55 
C.V. % 8.35 9.53 5.07 3.74 4.27 7.16 3.90 
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Table 15. Percent P in corn leaves for each treatment of the 
residual P experiment 
Treat- Year 
ment 75 78 79 80 81 82 
% p 
0.262 0.314 0.303 0.295 0.258 0.256 
^0^11 0.256 0.320 0.307 0.301 0.291 0.270 
^0^22 0.259 0.324 0.321 0.317 0.302 0.270 
^0^33 0.277 0.321 0.340 0.306 0.327 0.284 
Pl^O 0.277 0.325 0.328 0.311 0.313 0.272 
Pl^ll 0.278 0.333 0.335 0.318 0.327 0.279 
^1^22 0.290 0.319 0.359 0.332 0.322 0.274 
^1^33 0.304 0.345 0.379 0.320 0.338 0.297 
P2P0 0.329 0.359 0.364 0.300 0.315 0.285 
Vll 0.325 0.376 0.375 0.318 0.326 0.280 
^2^22 0.324 0.359 0.407 0.306 0.349 0.299 
^2^33 0.322 0.417 0.436 0.333 0.359 0.304 
variable. In all years. there was a tendency to increase 
the percent P in the leaves as the amount of applied P 
increased. The magnitude of the response changes from year 
to year. The smallest response was obtained in 1980, inter­
mediate responses but of similar magnitudes were obtained 
in 1975 and 1982, and the responses obtained in 1978, 1979, 
and 1981 were the largest. In spite of the differences in 
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P contents, the levels obtained indicated no limitation 
in this nutrient for adequate plant growth (Miranda, 1981) . 
The magnitude of the response of the P content in the 
leaves to P treatments is explained by the moisture stress 
index. In 1978 and 1979, when the moisture stress index 
was zero or close to that value, the P content in the leaves 
was high and a clear response to treatments was observed. 
In the years of 1975, 1980, and 1981, the influence of 
higher moisture stress associated with a possible limitation 
of available P for the treatment that did not receive any 
P application was reflected in low P content of the leaves. 
As the moisture stress index increased, a decrease in the 
leaf P content for treatments well-supplied with P is ob­
served indicating that moisture stress had a larger effect 
at the high rates than at the low rates of applied P. In 
1982 there was a small effect on leaf P content even though 
moisture stress was not severe. This could have been due 
to the corn hybrid grown. 
The results of the analysis of variance for each year 
(Table 16) show that, with the exception of 1980, the ini­
tial P levels and annual P applications were important in 
explaining the variability of the P content of the corn 
leaves. The applied P variables acted independently as 
shown by the nonsignificant interaction term. Replication 
effects were nonsignificant. 
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Table 16. Analyses of variance for percent P in corn leaves 
Source of Year 
variation d. f. 75 78 79 80 81 82 
Mean squares x 10^-
R 2 0.41 1.53 0.97 0.69 0.97 0.58 
T1 2 11.51* 11.60* 18.10* 0.75 5.53** 1.52++ 
Error A 4 1.06 1.34 2.07 0.50 0.28 0.24 
T2 3 0.38* 1.62++ 5.29** 0.60 3.29** 0.96** 
T1 X T2 6 0.21 0.48 0.19 0.27 0.32 0.10 
Error B 18 0.11 0.55 0.43 0.53 0.28 0.13 
C.V. % 3.57 6.81 5.88 7.38 5.24 4.04 
Grain P content 
The values of percent P in corn and soybean grain are 
shown in Table 17. There was a tendency for the P content 
in corn and soybean grain to increase as the initial P 
levels and/or annual P applications increased. This increase 
varied from year to year. 
A small increase of the P content in corn grain was 
observed in 1980 and 1981, and a large increase was obtained 
in 1979 and 1982. The different magnitudes of response can 
be explained by the moisture stress index. In 1979 and 
1982, the moisture stress index had its lowest values, and 
in 1980 and 1981 the moisture stress index had a medium 
value. Although 1975 was a year with a high moisture stress 
index value and the P content in the grain did not reflect 
Table 17. Percent P in corn and soybean grain for each treatment of the residual P 
experiment 
Year 
Treat- 75 78 79 80 81 82 
ment Corn Soyb. Soyb. Corn Soyb. Corn Soyb. Corn Soyb. Corn 
— — — ^ 
PoPo 0 .301 0. 477 0. 649 0. 260 0. 624 0. 263 0 .459 0. 243 0. 508 0.279 
^0^11 0 .297 0. 480 0. 641 0. 280 0. 607 0. 278 0 .517 0. 292 0. 550 0.293 
^0^22 0 .312 0. 470 0. 664 0. 293 0. 601 0. 306 0 .595 0. 293 0. 588 0.330 
^0^33 0 .291 0. 494 0. 693 0. 308 0. 673 0. 307 0 .559 0. 313 0. 619 0.342 
^1^0 0 .288 0. 489 0. 686 0. 298 0. 654 0. 278 0 .527 0. 302 0. 556 0.302 
^1^11 0 .328 0. 502 0. 675 0. 318 0. 651 0. 274 0 .579 0. 303 0. 608 0.310 
^1^22 0 .301 0. 488 0. 672 0. 325 0. 621 0. 305 0 .577 0. 308 0. 603 0.348 
^1^33 0 .336 0. 472 0. 702 0. 333 0. 681 0. 309 0 .608 0. 317 0. 625 0.340 
92=0 0 .372 0. 496 0. 676 0. 327 0. 655 0. 317 0 .571 0. 303 0. 593 0.347 
^2^11 0 .315 0. 488 0. 699 0. 342 0. 650 0. 314 0 .567 0. 325 0. 613 0.357 
^2^22 0 .348 0. 497 0. 706 0. 353 0. 686 0. 320 0 .567 0. 323 0. 646 0.348 
^2^33 0 .344 0. 501 0. 705 0. 376 0. 667 0. 325 0 .604 0. 328 0, 628 0.373 
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the influence of that variable, it is not possible to use 
information from 1975 with confidence because at this stage 
of the experiment the mixing of the large initial fertilizer 
P additions with the soil to obtain the initial P levels 
was not obtained completely. 
The results of the analysis of variance for P content 
in corn grain in each year (Table 18) show that both initial 
P levels and annual P applications were important in four 
years in explaining the variability. The interaction of 
these factors was significant in just one year suggesting 
that they acted independently. Replications were signifi­
cant in two years. 
The results of the combined analysis of variance over 
years for P content in corn grain are shown in Table 19. 
The data show a significant effect of initial P levels 
and annual P applications on the P content of corn grain. 
The variability from year to year is not significant. 
Analysis of the data for the P content of soybean 
grain in Table 17 indicates a situation similar to that 
for corn. There is a clear influence of treatment effect 
on P content of soybean grain for each year except in 1975. 
The largest differences in P content between treatments 
were obtained in 1980 and 1981, although the maximum values 
for this variable were obtained in 1978 and 1979. There 
does not appear to be a relationship between P content of 
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Table 18. Analyses of variance for percent P in corn grain 
Source of Year 
variation d.f. 75 79 80 81 82 
square x 103 
R 2 1.13++ 2.15 0.15 2.42** 6.46 
T1 2 6.30** 12.49* 3.44** 3.14** 6.46 
Error A 4 0.26 0.88 0.10 0.07 1.78 
T2 3 0.16 3.10** 1.86** 2.14** 3.43* 
T1 X T2 6 1.59++ 0.06 0.30 0.51 0.58 
Error B 18 0.65 0.21 0.17 0.26 0.86 
C.V. % 7.95 4.53 4.36 5.29 8.85 
Table 19. Combined analyses of variance for percent P in 
the grain 
Source of Crop 
variation d.f. Corn Soybeans 
—Mean squares 
4 X 10 — 
Year 4 57.16 2046.07** 
R(Year) 10 25.34 23.85 
T1 2 294.63** 218.97** 
Year x T1 8 6.76 7.84 
Pooled error A 20 5.89 5.35 
T2 3 83.77** 132.19** 
Year x T2 12 5.80 23.47** 
T1 x T2 6 7.16 20.48** 
Year x T1 x T2 24 5.86 10.30++ 
Pooled error B 90 4.29 7.00 
C.V. % 6.59 4.45 
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soybean grain and the moisture stress index derived for 
corn. 
The analyses of variance for P content in soybean 
grain for each year are shown in Table 20. With the excep­
tion of 1975, the initial P levels and annual P applications 
were statistically important in explaining the variability 
of P content in soybean grain. The interaction of initial 
P levels and annual P applications was important in two 
years. Table 19 shows the combined analyses of variance 
over years for this variable. It is clear that the effects 
of years, initial P levels, annual P applications, and 
the interactions of annual P applications by year, initial 
P level by annual P applications, and year by initial P 
levels by annual P applications are important in explaining 
the variability observed. There were more significant fac­
tors affecting P content in soybeans than there were for 
corn. This could be due to either a stronger influence of 
the treatments on P content in soybeans, a greater preci­
sion for the soybeans, or to both. 
P recovered by the grain 
The influence of treatments on the amount of P removed 
by the grain is not consistent for all years and in both 
crops (Table 21); e.g., in 1979 a large response was ob­
served in corn but it was of a small magnitude in soybeans. 
82 
Table 20. Analyses of variance for percent P in soybean grain 
Source of Year 
variation d.f. 75 78 79 80 81 
3 Mean squares x 10 
R 2 0.47 1.28++ 4.27** 0.28 5.62* 
T1 2 0.71 3.73* 4.56** 7.31++ 8.74** 
Error A 4 0.76 0.29 0.01 1.28 0.34 
T2 3 0.04 1.67++ 2.84** 9.04** 9.01** 
T1 x T2 6 0.41 0.50 1.43* 2.75++ 1.07 
Error B 18 0.58 0.57 0.47 1.24 0.65 
C.V. % 4.91 3.51 3.34 6.27 4.28 
In 1981, the response was inconsistent for corn. In 1979, 
1980, and 1982, the differences in P recovered by corn were 
clearly related to the P treatments. The differences be­
tween the extreme treatments (PQ^O ^2^33^ is in the 
order of magnitude of 30 to 50% in favor of the treatment 
with the greater P application, meaning that the grain 
removed more P from the treatments with a greater amount 
of P without any influence on the yield. This generally 
is termed luxury consumption. The variability from year 
to year in P removed by corn is explained by the moisture 
stress index. Years with a low moisture stress index 
(1979 and 1982) showed a greater amount of P removed and 
a greater response to treatment combinations than years 
with a high moisture stress index (1980 and 1981). 
Table 21. Amount of P removed in the grain for each treatment of the residual P 
experiment 
Year 
Treat- 75 78 79 80 ^ 82 
ment Corn Soyb. Soyb. Corn Soyb. Corn Soyb. Corn Soyb. Corn 
p, kg per ha 
Pcfo 32 .61 12 .71 20 .63 27 .62 16. 78 22 .48 14 .16 22 .64 12. 43 26 .21 
^0^11 29 .48 13 .84 19 .95 29 .78 17. 29 27 .47 15 .31 22 .43 14. 01 28 .27 
^0^22 31 .45 12 .62 20 .48 31 .26 17. 17 29 .52 18 .24 21 .81 16. 86 31 .15 
^0^33 30 .73 12 .46 22 .76 33 .21 18. 37 28 .61 18 .41 24 .57 14. 72 34 .43 
^1^0 30 .00 14 .47 23 .05 31 .71 17. 32 28 .56 16 .94 26 .38 13. 19 29 .31 
Pl^ll 31 .32 14 .08 22 .12 34 .71 18. 22 29 .16 17 .44 24 .47 15. 52 30 .20 
^1^22 30 .85 14 .13 21 .63 35 .83 18. 49 31 .11 18 .49 24 .80 15. 92 32 .62 
^1^33 31 .35 13 .18 21 .36 36 .61 17. 30 28 .06 19 .52 23 .00 14. 68 32 .30 
P2P0 36 .53 12 .53 21 .17 36 .18 17. 57 29 .82 17 .84 26 .46 14. 16 33 .49 
^2^11 32 .45 13 .32 22 .96 37 .76 17. 31 28 .53 18 .88 19 .28 15. 09 35 .91 
^2^22 35 .62 12 .07 21 .89 39 .57 18. 95 24 .06 18 .64 25 .91 15, 40 33 .69 
-5 32 .57 15 .14 22 .91 41 .77 19. 27 29 .04 18 .63 23 .64 17. 15 36 .43 
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The P removed by soybeans shows the same tendency as 
for corn but to a smaller degree. The P removed from treat­
ment ^2^33 between 15 and 38% more than the P removed 
from treatment P^P^. 
The results of the analysis of variance for P removed 
in corn and in soybean grain for each year are shown in 
Tables 22 and 23, respectively. For corn, initial P levels 
and annual P application were statistically important in 
two and one year, respectively. For soybeans, both initial 
P levels and annual P applications were important in three 
years, and the interaction of initial P levels and annual 
P applications was important in one year. 
The results of a combined analysis of variance for P 
removed in the grain for each crop are shown in Table 24. 
For corn, only years and initial P levels had significant 
effects on P removed. For soybeans, years, initial P levels, 
annual P applications, the interaction of years with annual 
P application, and the interaction of initial P levels with 
annual P applications had significant effects on P removal. 
These results for soybeans are in agreement with the 
analyses for P content in the grain. 
Available soil P 
Available soil P values determined by soil test for 
each treatment from 1975 to 1982 are presented in Table 25 
for corn and in Table 26 for soybeans. The soil test 
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Table 22. Analyses of variance for P removed in the corn 
grain 
Source of Year 
variation d.f. 75 79 80 81 82 
Mean squares 
R 2 12.50 36.38 12.33 45.41 46.48* 
T1 2 44.11 209.15* 14.781 10.59 78.19* 
Error A 4 21.52 12.59 9.32 35.33 6.48 
T2 3 7.59 46.60** 4.88 10.99 34.92 
T1 X T2 6 5.95 0.67 25.14 11.76 8.95 
Error B 18 11.05 2.41 23.27 22.19 17.52 
C.V. % 10.36 4.48 17.21 19.70 13.08 
Table 23. Analyses of variance for P removed in the soybean 
grain 
Source of Year 
variation d.f. 75 78 79 80 81 
Mean squares 
R 2 7.33 6.11++ 2.54* 2.24 10.14* 
T1 2 3.49 5.72++ 2.30* 13.02* 2.75 
Error A 4 6.04 1.32 0.18 1.40 0.78 
T2 3 1.19 1,65 2.39** 12.19* 13.21* 
T1 X T2 6 3.20 3.42 1.53* 2.96 2.98 
Error B 18 1.69 2.48 0.39 2.49 2.62 
C.V. ? h 9.73 7.24 3.51 8.84 10.85 
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Table 24. Combined analyses of variance for P removed by the 
grain in residual P experiment 
Source of Crop 
variation d.f Corn Soybeans 
Mean squares 
Year 4 628.89** 369.19** 
R(Year) 10 30.62 5.67 
T1 2 222.17** 20.13** 
Year x T1 8 33.67 1.79 
Pooled error A 20 17.05 1.95 
T2 3 30.14 16.15** 
Year x T2 12 18.71 3.62* 
T1 X T2 6 14.37 4.02++ 
Year x T1 x T2 24 9.52 2.52 
Pooled error B 90 15.21 1.93 
C.V. % 12.93 8.11 
values represent available P in the soil in the fall just 
prior to harvesting and they show a wide range for this 
variable. Within any given year and for both crops, there 
was a tendency to increase available soil P as the initial 
P and/or annual P application increased, but this effect 
is different depending on the year. During the first 
years of the experiment, the effect of the annual P appli­
cations was not definitive, but the initial P applications 
had a definitive effect. During later years, the effect 
of the annual P applications was as great as the initial 
Table 25. Available soil P for each treatment of the residual P experiment for corn 
Treat- Year 
ment 75 76 77 78 79 80 81 82 
p, kg per ha 
^0^0 36.21 36.96 26.13 25.39 20.16 21.28 16.43 21.28 
^0^11 39.95 33.60 37.33 35.47 26.88 28.00 33.60 35.84 
^0^22 41.81 48.91 42.56 35.09 45.55 41.44 42.93 57.49 
^0^33 40.69 44.80 56.00 47.79 54.88 56.75 68.69 67.95 
103.04 60.48 70.19 47.41 51.15 37.71 42.19 45.17 
Pi?!! 100.05 67.20 80.64 53.39 64.59 51.52 66.83 56.75 
^1^22 104.53 90.72 81.76 64.21 81.01 68.32 97.44 78.40 
^1^33 110.51 92.96 102.67 92.59 97.81 105.65 106.40 105.28 
P2P0 163.89 143.73 109.76 91.47 81.76 87.36 77.28 72.43 
^2^11 141.49 131.41 116.85 82.88 98.93 92.21 91.84 90.35 
^2^22 162.40 127.68 132.91 134.40 124.32 120.49 121.71 112.00 
^2^33 160.91 142.99 133.28 136.27 130.29 125.07 139.25 135.15 
Table 26. Available soil P for each treatment of the residual P experiment for 
soybeans 
Treat- Year 
ment 75 76 77 78 79 80 81 82 
p, kg per ha 
Po^o 45.17 29.87 35.84 30.24 27.63 20.16 25.76 20.91 
^0^11 36.21 36.59 42.19 34.35 36.59 33.23 34.72 33.23 
^0^22 44.80 40.32 44.05 45.55 48.16 45.55 51.52 51.52 
^0^33 38.08 54.13 47.79 57.49 57.12 65.71 57.12 66.45 
Pl^O 61.60 86.61 60.11 56.75 47.41 43.68 41.07 49.28 
^1^11 79.89 71.68 68.32 67.57 52.27 62.35 61.97 64.21 
^1^22 94.45 92.21 76.91 79.15 78.77 82.13 71.68 86.61 
^1^33 117.23 88.48 101.55 97.44 99.31 103.79 108.27 102.66 
153.81 108.27 107.52 109.01 101.55 81.39 86.24 58.99 
^2^11 194.88 116.85 115.36 113.87 107.52 94.45 98.56 77.65 
^2^22 158.29 135.15 116.11 133.28 124.69 116.48 132.91 109.01 
^2^33 188.53 142.61 117.60 147.84 136.27 131.79 129.92 130.29 
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P applications. In the latter years, the available P in each 
plot was not only from the direct effect of P applied 
annually, but from the cumulative effect of such applica­
tions because the annual P application was made each year 
to the same plot. Another observation is the rate of 
change in the available soil P over time. The rate of 
change is related to the initial P level and to annual 
P applications. As the initial P level increased, the 
rate of decline in available soil P increased. When no 
P was applied each year, the tendency was for available 
soil P to decrease where P was applied at the beginning 
of the experiment or to remain nearly constant after some 
years where no initial P was applied. Where the highest 
rate of P was applied each year to the lowest initial P 
level, available soil P increased. For the two other 
initial P levels, the available P first decreased and then 
appeared to reach an equilibrium point after a few years. 
The analyses of variance for available soil P for 
each year for corn and soybeans are shown in Tables 27 
and 28, respectively. Initial P applications were signifi­
cant in all the years under study for both crops. Annual 
P applications were important in all the years with the 
exception of the first year for both crops. The interac­
tion between initial P and annual P applications was 
important in two years for corn and in one year for soybeans 
Table 27. Analyses of variance of available soil P for corn 
Source of Year 
variation d.f. 75 76 77 78 79 80 81 82 
Mean squares x 10^ 
R 2 1. 13 0 .32 0 .74* 0 .01 0 .09 0 .18 0. 02 0. 57 
T1 2 41. 57** 27 .77** 20 .53** 17 .36** 15 .54** 14 .60** 13. 58** 9. 92** 
Error A 4 0. 91 0 .15 0 .09 0 .45 0 .07 0 .35 0. 06 0. 25 
T2 3 0. 19 0 .51++ 1 .32** 2 .85** 3 .43** 3 .98** 6. 12** 5. 51** 
T1 X T2 6 0. 11 0 .32 0 .06 0 .48* 0 .06 0 .23++ 0. 13 0. 06 
Error B 18 0. 47 0 .19 0 .17 0 .17 0 .07 0 .10 0. 19 0. 11 
C.V. % 21. 65 16 .40 15 .92 18 .50 11 .63 14 .58 18. 15 14. 02 
Table 28. Analyses of variance for available soil P for soybeans 
Source of Year 
variation d.f. 75 76 77 78 79 80 81 82 
Mean squares x 10^ 
R 2 6. 72 0 .36 1. 77 0. 42 0 .31 0. 06 0 
00 m
 0. 44 
T1 2 54. 39** 21 .94** 15. 42** 21. 52** 17 .38** 12. 62** 14 .70** 8. 00** 
Error A 4 2. 65 0 .38 0. 52 0. 12 0 .08 0. 15 0 .40 0. 26 
T2 3 1. 19 0 .94** 0. 70** 2. 25** 2 .79** 4. 56** 3 .99** 5. 70** 
T1 X T2 6 0. 92 0 .19 0. 20 0. 04 0 .11 0. 04 0 .31* 0. 11 
Error B 18 0. 56 0 .16 0. 12 0. 14 0 .11 0. 09 0 .10 0. 06 
C.V. % 23. 49 15 .28 14. 01 14. 45 13 .77 12. 58 13 .40 10. 52 
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indicating that their effects are essentially additive. 
Replications were significantly different in just one 
year for corn and never for soybeans. The decline in the 
magnitude of the error mean square over time indicates a 
decrease in the variability of available soil P over time. 
The results of a combined analyses of variance for 
available soil P for each crop are shown in Table 29. 
Year, initial P levels, annual P applications, and the 
interactions of year by initial P levels, initial P levels 
by annual P applications and year by annual P applications 
were significant in explaining the variability in avail­
able soil P for both crops. The significance of these 
interactions indicates the complexity of the process of 
measuring available soil P resulting from P applications. 
At this stage of the analysis of the data, a question 
was raised about the influence of the crop on available 
soil P. The influence of the crop in addition to the 
previously examined variables on available soil P is shown 
in a combined analysis of variance (Table 30). Comparing 
the value of the crop mean square against replications 
(year x crop), mean square as an error term shows that the 
crop does not have any statistical influence on available 
soil P variability. This means that the crop does not 
influence the amount of available soil P present in the 
soil. Other variables related to time, P applied, and 
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Table 29. Combined analyses of variance for available soil 
P for each crop 
Source of Crop 
variation d.f. Corn Soybeans 
Mean squares 
Year 7 3859.26** 3226.42++ 
R(Year) 16 381.53 1332.89 
T1 2 151926.16** 151772.16** 
Year x T1 14 1249.51** 2029.13** 
Pooled error A 32 290.85 570.11 
T2 3 19128.36** 19091.76** 
Year x T2 21 681.42** 431.26** 
T1 X T2 6 438.39* 536.05** 
Year x T1 x T2 42 145.36 197.47 
Pooled error B 144 184.78 166.97 
C.V. % 17.26 16.17 
their interactions had a significant effect on available 
soil P. The same variables had a significant effect on 
available soil P in the two combined analyses of variance 
shown in Tables 29 and 30. Thus, it is possible to use 
the available soil P values coming from plots with either 
crop as an estimation of available soil P. 
Table 31 shows the mean values for available soil P 
by taking the average of six replications; i.e., disregard­
ing the influence of crop. The same effect of treatments, 
the same tendency for change throughout the time, and the 
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Table 30. Combined analysis of variance for available soil 
P in residual P experiment 
Source of variation d.f. Mean square 
Year 7 6662.58** 
Crop 1 191.42 
Year x Crop 7 398.24 
R (Year x Crop) 32 854.20 
T1 2 302506.01** 
Year x Tl 14 2821.49** 
Crop X Tl 2 127.04 
Year x Crop x Tl 14 445.64 
Pooled error A 64 428.97 
T2 3 38004.64** 
Year x T2 21 981.53** 
Crop x T2 3 81.41 
Year x Crop x T2 21 127.25 
Tl X T2 6 829.17** 
Year x Tl x T2 42 121.08 
Crop X Tl x T2 6 141.85 
Year x Crop x Tl x T2 42 220.54 
Pooled error B 288 175.26 
same range in the values are shown as for individual crops, 
but they are more definitive because each value is the mean 
of six observations. 
Leaf N and K content 
Data for the N and K content in corn leaves are pre­
sented in Tables 32 and 33. There is a general tendency 
Table 31. Mean available soil P for corn and soybeans for each treatment of the 
residual P experiment® 
Treat- Year 
ment 75 76 77 78 79 80 81 82 
P, kg per ha 
^0^0 40.69 33.41 30.99 27.81 23.89 20.72 21.09 21. 
^0^11 38.08 35.09 39.76 34.91 31.73 30.61 34.16 34. 
^0^22 43.31 44.61 43.31 40.32 46.85 43.49 47.23 54. 
^0^33 39.39 49.46 51.89 52.64 56.00 61.23 62.91 67. 
Pl^O 82.32 73.55 65.15 52.08 49.28 40.69 41.63 47. 
Vll 89.97 69.44 74.48 60.48 58.43 56.93 64.40 60. 
^1^22 99.49 91.47 79.33 71.68 79.89 75.23 84.56 82. 
^1^33 113.87 90.72 102.11 95.01 98.56 104.72 107.33 103. 
158.85 126.00 108.64 100.24 91.65 84.37 81.76 65. 
^2^11 168.19 124.13 116.11 98.37 103.23 93.33 95.20 84. 
^2^22 160.35 131.41 124.51 133.84 124.51 118.53 127.31 110. 
^2^33 174.72 142.80 125.44 142.05 133.28 128.43 134.59 132. 
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^Each available soil P value is the average of six observations. 
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Table 32. Percent N in corn leaves for each treatment of 
the residual P experiment 
Treat- Year 
ment 75 78 79 80 81 82 
% N 
Po^o 3.08 3.08 3.11 3.05 2.99 3.01 
^0^11 2.90 3.12 3.09 2.93 2.99 3.05 
^0^22 2.86 3.01 3.18 2.90 2.89 2.93 
^0^33 3.10 3.04 3.13 2.92 2.92 3.03 
Pl^O 2.78 3.08 2.96 3.12 2.93 3.09 
^1^11 2.85 2.95 3.02 3.04 2.89 3.05 
^1^22 2.89 3.07 3.05 2.95 2.92 2.86 
P1P33 3.01 2.97 2.98 2.77 2.95 2.93 
^2^0 2.92 3.01 3.02 2.89 3.05 2.99 
^2^11 2,88 3.08 2.95 2.92 2.95 2.85 
^2^22 2.94 3.07 3.00 2.83 2.89 3.02 
^2^33 2.84 2.93 2.97 2.79 2.85 2.92 
to decrease the content of these nutrients with increasing 
P applications. This tendency is clearer for N content than 
for K content. The values of percent N seem to be at or 
below the levels to obtain maximum yields (Miranda, 1981). 
The variability of percent K content was more than for 
N. The values obtained in 1975 were lower than for the 
other years. 
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Table 33. Percent K in corn leaves for each treatment of the 
residual P experiment 
Treat- Year 
ment 75 78 79 80 81 82 
% K 
^0^0 1.77 2.40 2.24 2.33 2.64 2.06 
^0^11 1.93 2.29 2.25 2.27 2.71 1.99 
^0^22 1.93 2.18 2.30 2.21 2.74 1.91 
^0^33 1.90 2.41 2.24 2.41 2.59 2.10 
Pl^O 1.90 2.39 2.39 2.24 2.59 2.04 
Vll 1.84 2.23 2.19 2.18 2.55 1.95 
^1^22 1.97 2.18 2.21 2.15 2.68 1.89 
^1^33 1.85 2.37 2.21 2.36 2.64 1.93 
^2^0 1.90 2.42 2.28 2.38 2.64 2.04 
^2^11 1,91 2.34 2.24 2.31 2.54 2.06 
^2^22 1.87 2.38 2.13 2.39 2.60 2.06 
^2^33 1.92 2.25 2.20 2.20 2.55 1.88 
The analyses of variance for percent N and for percent 
K in the corn leaves for each year are in Appendix Tables 
A4 and A5. Initial P applications were not important in 
explaining variability for both nutrients. Annual P appli­
cations and the interaction of this variable with initial P 
application were important in three years and in two years, 
respectively, for N. For K, the same variables were 
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important in only one year. Replications were different 
statistically in three years for both nutrients, although 
the years in which they were important were different. 
Grain N and K content 
Table 34 shows the N content in the grain. There 
appears to be an effect of treatment on N for some years. 
There is variability from year to year for both crops. In 
1975, the lowest N content in the grain was obtained for 
both crops. The highest N content in the grain was obtained 
in 1981 for corn and in 1978 for soybeans. According to 
past findings (Miranda, 1981) , N content for some years 
(1975 and 1979) seems to be below the limits for maximum 
yields. 
There is an apparent association between K content 
in the corn grain and P treatments with little variability 
among years as shown in Table 35, but there does not appear 
to be an association for soybeans. 
The analyses of variance for N and K content in corn 
grain (Appendix Tables A6 and A7) show that both initial 
P levels and annual P applications affected K content in 
two years and N in one year. The analyses of variance 
for the N and K content in soybean grain are presented in 
Appendix Tables A8 and A9. Initial P levels and annual P 
applications were significant in three and one year. 
Table 34. Percent N in grain for each treatment of the residual P experiment 
Year 
Treat- 75 78 79 80 81 82 
ment Corn Soy. Soy. Corn Soy. Corn Soy. Corn Soy. Corn 
% N 
PoPo 1.35 5.52 6.13 1.37 5.96 1.51 6.05 1.49 5.97 1.47 
^0^11 1.31 5.60 6.27 1.45 5.88 1.49 5.77 1.64 5.79 1.50 
^0^22 1.36 5.40 6.36 1.43 5.85 1.52 5.85 1.57 6.00 1.52 
^0^33 1.34 5.47 6.28 1.45 6.13 1.59 5.96 1.58 6.06 1.53 
PlPo 1.33 5.44 6.30 1.45 6.06 1.47 5.86 1.61 5.93 1.48 
Pl^ll 1.37 5.52 6.30 1.45 6.11 1.44 5.98 1.59 5.93 1.52 
^1^22 1.30 5.53 6.32 1.42 5.87 1.45 6.08 1.64 5.90 1.54 
^1^33 1.36 5.41 6.26 1.47 6.10 1.52 5.94 1.63 5.96 1.54 
^2^0 1.43 5.54 6.27 1.43 6.11 1.55 5.87 1.57 5.73 1.52 
^2^11 1.31 5.38 6.20 1.42 5.87 1.53 5.83 1.69 5.90 1.52 
^2^22 1.38 5.57 6.18 1.44 6.09 1.61 5.78 1.58 5.93 1.53 
^2^33 1.37 5.47 6.46 1.55 6.10 1.53 5.96 1.70 5.85 1.56 
Table 35. Percent K in grain for each treatment of the residual P experiment 
Year 
Treat- 75 78 79 80 81 82 
ment Corn Soy. Soy. Corn Soy. Corn Soy. Corn Soy. Corn 
% K 
0^0 0.38 1.77 2.00 0.35 1.93 0.35 1.82 0.35 1.82 0.35 
0^11 0.38 1.76 1.99 0.38 1.89 0.36 1.85 0.37 1.85 0.35 
0^22 0.40 1.72 1.99 0.37 1.88 0.38 1.88 0.37 1.86 0.37 
0^33 0.37 1.76 2.04 0.37 1.98 0.38 1.88 0.37 1.90 0.39 
1^0 0.35 1.73 2.03 0.37 1.93 0.35 1.86 0.36 1.86 0.37 
1^11 0.40 1.75 2.01 0.37 1.92 0.37 1.89 0.37 1.89 0.37 
1^22 0.36 1.73 2.00 0.39 1.89 0.38 1.91 0.36 1.87 0.40 
1^33 0.39 1.73 2.03 0.41 1.96 0.37 1.93 0.38 1.90 0.39 
2^0 0.41 1.75 2.02 0.38 1.91 0.38 1.91 0.37 1.86 0.41 
2^11 0.38 1.75 2.04 0.40 1.95 0.37 1.88 0.38 1.88 0.41 
2^22 0.42 1.77 2.07 0.40 1.98 0.38 1.88 0.38 1.90 0.39 
2^33 0.40 1.74 2.02 0.43 1.93 0.38 1.91 0.38 1.89 0.42 
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respectively, for K content. The interaction between 
variables of applied P was significant only in one year 
in affecting the K content. The variables under considera­
tion did not affect the N content of soybean grain. 
Measurements of Residual and Annual P Effects 
The effects of residual P and annual P applications 
will be discussed in terms of the influence of these vari­
ables on yields, amount of P extracted by the grain, and 
available soil P. 
Influence of residual and annual P applications on crop yields 
The analyses of variance performed for both corn and 
soybean yields did not show an effect of treatments on the 
yields. Different regression equations were calculated, 
however, to find any relationship between yields and mea­
surements of annual and residual P. 
Table 36 shows the significance levels and some values 
of the regression coefficients for corn yields on rates of 
applied P for each year in which corn yields were obtained. 
In only one of the seven years were two terms related to P 
application significant at the 0.05 probability level. 
These are the linear and quadratic effects of the P applied 
initially in 1980. The signs of these two coefficients 
are reasonable from an agronomic point of view. These 
results agree with the preliminary analyses of variance. 
Table 36. Regression statistics of the quadratic model of corn yield on initially 
and annually applied P 
Year 
Variate 75 76 78 79 80 81 82 
Intercept 105.7** 77.0** 104. 1** 105. 4** 91 .2** 89.9** 94.7** 
n. s n.s. n.s. n.s. 0 .14* n.s. n.s. 
^2 n.s. n.s. n.s. n.s. 0 .40 n.s. n.s. 
n.s. n.s. n.s. n.s. -0 .0005* n.s. n.s. 
^2 n.s. n.s. n.s. n.s. -0 .010 n.s. n.s. 
PI  X PG n.s. n.s. n.s. n.s. -0 .002 n.s. n.s. 
R2 0.14 0.11 0. 11 0. 30 0 .21 0.11 0.07 
^P^ represents P applied initially and P2 represents P applied annually in this 
and in all tables showing regression statistics. 
^n.s. signifies nonsignificant. 
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Table 37 shows the regression statistics for soybeans. 
The regression coefficients were statistically important in 
three years at different probability levels. The signs of 
the coefficients indicate limitations in the use of the 
regression equations. In 1975, the linear and quadratic 
effects of the P applied initially (P^) have positive and 
negative signs, respectively; the linear and quadratic 
effects of annually applied P (Pg) have negative and posi­
tive signs, respectively. Although it is possible to cal­
culate an amount of initially applied P required to obtain 
a maximum yield, it is not possible to do so for annually 
applied P because the coefficients for this variable give 
a minimum. This situation describes the existence of a 
"saddle point" in which it is not possible to optimize 
the function. A similar situation exists for 1979 in which 
linear and quadratic effects of the annual P applications 
are positive and negative, respectively, but are negative 
and positive for the same terms of the P applied initially. 
The signs of the coefficients for 1982 are reasonable and 
2 the R value is the highest obtained. The deletion of the 
non-significant terms in this model for both crops did not 
improve the significance of the coefficients. A square 
root model was not appropriate because the coefficients 
were not significant. 
Table 37. Regression statistics of the quadratic model of soybean yield on 
initially and annually applied P 
Variate 
Intercept 
^1 
P, 2 
.2 
1 
> 2  
2 
PI  X PG 
R2 
75 
28.3** 
0 . 0 1  
- 0 . 0 8  
-0.0001+ 
0.0002 
0 . 0 0 0 6 +  
0.13 
76 
19.6** 
n. s. 
n. s. 
n. s. 
n. s. 
n. s. 
0.07 
78 
32.0** 
n. s. 
n. s. 
n.s. 
n. s. 
n.s. 
0.03 
Year 
79 
27.3** 
-0.01 
0 . 1 6 +  
0.00001 
-0.005* 
0 . 0 0 0 2  
0 . 2 1  
80 
30.1** 
n.s. 
n.s. 
n.s. 
n.s. 
n.s. 
0.12 
81 
25.1** 
n.s. 
n.s. 
n.s. 
n.s. 
n.s. 
0.09 
82 
29.4** 
0 . 0 2 *  
0.20** 
- 0 . 0 0 0 0 1  
-0.0033* 
-0.0004** 
0.42 
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In an attempt to establish a relationship between 
yields and available soil P as a measurement of residual 
P and annually applied P, a quadratic equation for these 
variables was obtained for each year and crop. The results 
for corn (Table 38) indicate significance for at least one 
of the terms in two years. The signs of the coefficients 
are reasonable showing a decreasing response to available 
2 
soil P, but the R values are low for all years. The results 
for soybeans (Table 39) are similar to those obtained for 
corn. The coefficients are significant only in two years. 
The signs of the coefficients are reasonable, and with the 
2 
exception of 1982 the R values are low. The four equations 
in which the coefficients were significant were used to 
calculate the amount of available soil P that provided 
maximum yield. This was done by calculating the first 
derivative of yield with respect to P^, equating to zero, 
and solving for P^. The results show that for corn these 
amounts are 222 and 48 kg P per ha for 1979 and 1980, 
respectively. For soybeans, these amounts are 81 and 80 
for 1980 and 1982, respectively. Certain conditions appar­
ently existed in the years that a yield response was obtained 
and those conditions interacted with other variables to 
provide the response. Because a significant response to 
available soil P was obtained in only two years, it is not 
possible to draw any general conclusions. 
Table 38. Regression statistics of the quadratic model of corn yield on available 
soil P 
Year 
Variate 75 76 78 79 80 81 82 
Intercept 104.4** 82.2** 102.9** 104.0** 92.6** 80.6** 94.8** 
Pg n.s. n.s. n.s. 0.0887+ 0.2481 n.s. n.s. 
P? n.s. n.s. n.s. -0.0002 -0.0026'*' n.s. n.s. 
s 
0.06 0.12 0.05 0.28 0.19 0.12 0.01 
Table 39. Regression statistics of the quadratic model of soybean yield on 
available soil P 
Year 
Variate 75 76 78 79 80 81 82 
Intercept 27.8** 18.3** 30.7** 29.2** 27.6** 26.3** 27.5** 
Pg n.s. n.s. n.s. n.s. 0.113** n.s. 0.128 
P^ n.s. n.s. n.s. n.s. -0.0007* n.s. -0.0008** 
s 
0.002 0.04 0.02 0.03 0.20 0.01 0.41 
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In order to test another model of yields on available 
soil P as a measure of residual P and annually applied P, 
a square root model was calculated. The results for corn 
are shown in Table 40. In only one year were the coeffi­
cients important from a statistical point of view and they 
have a reasonable sign according to agronomic experience, 
2 but the R value is low. 
The square root model for soybean yields (Table 41) 
shows that in three years the coefficients are of statisti­
cal importance, and the signs are reasonable. With the 
2 
exception of one year, the R values are low. 
In the previous model, available soil P was measured 
in the fall after the crops were mature. Although this 
measurement is an estimation of the amount of available 
P present at planting time, it is an imperfect measurement. 
A better measurement of available soil P would be the amount 
of P existing just prior to planting; however, it was not 
possible to obtain these values. Instead, it was decided 
to use available soil P measured in the fall prior to the 
cropping season as another index for P and measure its 
effects on the crop yields. The results of regressing corn 
yields on quadratic terms of this variable are shown in 
Table 42. 
Information for 1975 is not presented because in the 
fall of 1974 the subplots were not established and the 
Table 40. Regression statistics of the square root model of corn yield on available 
soil P 
* *  
Year 
Variate 75 76 78 79 80 81 82 
Intercept 106.3** 89.5** 89.9** 103.0** 53.8++ 71.7* 90.4 
Pg n.s. n.s. n.s. n.s. 13.36++ n.s. n.s. 
Pg n.s. n.s. n.s. n.s. -0.97++ n.s. n.s. 
0.06 0.12 0.05 0.27 0.21 0.10 0.01 
Table 41. Regression statistics of the square root model of soybean yield on 
available soil P 
Year 
Variate 75 76 78 79 80 81 82 
Intercept 28.1** 18.3** 25.2** 31.2** 21.5** 27.5** 19.5** 
n.s. n.s. 1.57^ n.s. 2.39* n.s. 3.00** 
s 
Pg n.s. n.s. -0.09+ n.s. -0.13++ n.s. -0.17** 
R^ 0.01 0.04 0.05 0.01 0.15 0.01 0.41 
Table 42. Regression statistics of the quadratic model of corn on available soil P 
Year 
Variate 76 78 79 80 81 82 
Intercept 83. 7899** 101.5329** 102. 8217** 89. 6446** 80.6169 92.8724 
P ^ 
s 
-0. 1470+ n.s. 0. 1081++ 0. 3006 n.s. n.s. 
p2 
s 
0, .0003 n.s. -0. 0003 -0, .0027+ n.s. n.s. 
R2 0, .16 0.06 0, .31 0, .16 0.08 0.03 
^Available soil P in the fall prior to the cropping season. 
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variation in available soil P was due mainly to the varia­
tion in the three initial P levels. The data show signifi­
cance in at least one of the coefficients in three years 
out of six. The signs of the coefficients are reasonable 
in two years; but in one the linear and quadratic coefficients 
are negative and positive, respectively, which is contrary 
2 to what is generally expected. The R values are low, 
although some of the coefficients are significant. 
The same model for soybeans (Table 43) shows that in 
four years out of six the coefficients are statistically 
important in explaining yield variability. In all but 
one year, the linear and quadratic coefficients are posi­
tive and negative, respectively, which are the signs 
expected according to agronomic experience. 
The amount of P that gave maximum yields was calculated 
from the regression equations in Tables 42 and 43, and the 
results are given in Table 44. The results show a uniform 
amount of available soil P for maximum yields of soybeans. 
For corn, however, there is more variability. This type 
of analysis does not permit the measurement of residual 
effects, but only the estimated amount of available soil 
P required to obtain maximum or another yield level. 
A general equation relating corn and soybean yields 
for all years to rates of P applied was calculated (Table 
45) . The coefficients are not significant for either crop. 
Table 43. Regression statistics of the quadratic model of soybeans on available 
soil P 
Year 
Variate 76 78 79 80 81 82 
Intercept 19.4178** 30. 0736** 29.0011** 28. 3936** 28. 2231** 28. 5419** 
^s" n.s. 0. 0472+ n.s. 0, 0864* -0, 1035+ 0, ,0902** 
n.s. -0. 0003 n.s. -0. .0005++ 0. 0007+ -0, ,0005** 
R2 0.007 0, .05 0.04 0, 14 0, .07 0, .37 
^Available soil P in the fall prior to the cropping season. 
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Table 44. The amount of available soil P prior to the crop­
ping season that gave maximum yields calculated 
from the regression equations in Tables 42 and 43 
Year 
Crop 78 79 80 82 
P, Kg per ha 
Corn — 180.0 56.00 —— 
Soybeans 79.0 — 86.0 90.0 
Table 45. Regression statistics of the quadratic model of 
corn and soybean yields for all years on initially 
and annually applied P 
Crop 
Variate Corn Soybeans 
Intercept 95.4313** 27.3935** 
^1 0.0221 0.0037 
^2 -0.1043 0.0458 
0.0001 -0.00001 
0.0013 -0.0011 
Pi X Pg -0.0003 0.00002 
r2 0.01 0.003 
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the signs are reasonable for soybeans but not for corn, 
2 
and the R values are very low. 
The results of the general regression of yields on 
available soil P measured after and before the cropping 
season (Tables 46 and 47) show that for available soil P 
measured after the cropping season the linear and quadratic 
coefficients both are negative and positive for corn and 
soybeans, respectively. The signs are not expected accord­
ing to agronomic experience. The negative signs indicate 
negative effects at an increasing rate, and the positive 
signs indicate positive effects at an increasing rate. 
These two situations are hardly real and do not permit the 
calculations of optimum amounts of available soil P. The 
signs of the linear coefficients for available soil P mea­
sured in the fall prior to fertilizer applications and the 
cropping season are positive and the negative signs of the 
quadratic coefficients are expected according to agronomic 
experience, although they are not significant. In both 
2 
cases the R values are low. The amount of available soil 
P required to obtain maximum yields are 39 and 76 kg per ha, 
for corn and soybeans, respectively. 
Results of a regression equation of yields on a mois­
ture stress index in a linear model is presented in Table 
48. This variable has a significant effect on yields of 
both crops. As the moisture stress index increases, the 
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Table 46. Regression statistics of the quadratic model of 
corn and soybean yields for all years on avail­
able soil P measured after the cropping season 
Crop 
Variate Corn Soybeans 
Intercept 97.7335** 27.8342** 
Ps -0.0351 0.0051 
Ps -0.00013 0.00005 
r2 0.02 0.003 
Table 47. Regression statistics of the quadratic model of 
corn and soybean yields for all years on available 
soil P measured in the fall prior to fertilizer 
applications and the growing season 
Crop 
Variate Corn Soybeans 
Intercept 94.9115** 27.4017** 
^s 
0.0203 0.0212 
-0.00026 -0.00014 
R2 0.02 0.02 
yields decrease. An increase of one unit in the moisture 
stress index has more effect on corn than on soybean yields; 
something that is well-explained by the characteristics of 
2 both crops. The R values for both crops are low. 
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Table 48. Regression statistics of a linear model of corn 
and soybean yield on moisture stress index^ 
Variable 
R2 Crop Intercept MSI 
Corn 100.8031** -0 .7267** 0.16 
Soybeans 30.4187** -0 .2732** 0.24 
^252 observations for each crop. 
Regression models using yield as a function of moisture 
stress index as a base model with applied P and available 
2 
soil P as variables were derived to measure the change in R 
in describing yield variability. The results of the inclu-
2 
sion of different sets of independent variables on R values 
are shown in Table 49. The inclusion of new additional 
variables to the base model for weather stress index does 
2 
not improve the R value for either crop. 
Examination of the yield data indicated that in 1975 
the yield variability was not related to the treatments, 
and the yields obtained did not correspond to the value 
of the moisture stress index that was one of the highest 
obtained. There was much variability in available soil P 
in 1975. This apparently was due to the initial P applica­
tions made one year before and the high initial rates of 
applied P had not come to "homogeneous" equilibrium in 
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2 Table 49. R values for different models using moisture 
stress index as the base model for corn and soy­
bean yield for all years^ 
Crop 
Model Corn Soybeans 
Base Model 0.16 0.24 
Base Model + Rates of 0.18 0.24 
Applied P 
Base Model + Available 0.17 0.24 
Soil P at Harvesting 
Base Model + Available 0.16 0.24 
Soil P in the Fall Prior 
to Planting 
^252 observations for each crop. 
the soil. Thus, it was decided to not use the 1975 yield 
data and to work with the data of 1976 to 1982 and recalcu­
late a different model (Table 50). A noticeable increase 
2 in R is obtained when the 1975 data are eliminated, but 
small increases are obtained when variables related to P 
2 
are included in the base model. The increase in R for 
corn is threefold, but for soybeans it is only 70% in com­
parison with the model that included the 1975 data. Although 
2 the models generally improved the R , not all coefficients 
had the proper signs. Thus, the model chosen was the basic 
model plus available soil P at harvesting (Table 51). The 
positive and negative signs for the linear and quadratic 
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2 Table 50. R values for different models using moisture 
stress index as the base model for corn and soy­
bean yields for all years but 1975 
CropB 
Model Corn Soybeans 
Base Model 0. 47 0 .40 
Base Model + Applied P 0. 50 0 .40 
Base Model + Available 
Soil P at Harvesting 
0. 52 0 .41 
Base Model + Available 
Soil P in the Fall Prior 
to Planting 
0. 51 0 .43 
^216 observations for each crop. 
Table 51. Regression statistics of the quadratic model of 
corn and soybean yields for all years but 1975 on 
moisture stress index and available soil P at 
harvesting 
Crop^ 
Variate Corn Soybeans 
Intercept 100.8540** 29.1575** 
0.088781 0.053836+ 
-0.0004924 -0.0003040+ 
MSI -0.860143** -0.394375** 
MSI X P 
s 
-0.0091313** -0.0006593 
r2 0.52 0.41 
^216 observations for each crop. 
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term of available soil P, respectively, indicate a positive 
response at a decreasing rate as available soil P is 
increased. The negative signs for the moisture stress index 
indicate that at increasing values of the moisture stress 
index the yields decrease. The negative signs of the inter­
action between available soil P and the moisture stress index 
indicate that as the available soil P increases the nega­
tive effect of moisture stress increases or that the posi­
tive effect of available soil P is less as the moisture 
stress increases. 
The amounts of available soil P to obtain maximum 
yields at different values of the moisture stress index 
are shown in Table 52. This table shows that the amount 
of Pg to obtain maximum yields at a MSI=0 is about the same 
for both crops. When moisture stress index is increased 
to 5, the amount for maximum yields of corn is about one 
half of the original value, but there is only a small de­
crease in Pg for soybeans. When MSI=10, the interaction 
of moisture stress index with P causes the estimate of 
s 
available soil P required for maximum yield to be approxi­
mately zero, which suggests the limits of this regression 
equation for corn. The regression equation for soybeans 
provides estimates of available soil P required for maximum 
yields at moisture stress index values of 10 and 20. These 
regression models do show that as the moisture stress index 
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Table 52. Predicted available soil P (Pg) required for maxi­
mum yield and the maximum yields for different 
values of the moisture stress index (MSI) 
Crop 
Corn Soybeans 
Pg Yield Pg Yield 
(Kg (quintals (Kg (quintals 
MSI per ha) per ha) per ha) per ha) 
0 90 105 89 32 
5 44 97 83 29 
10 0 92 78 27 
20 0 84 67 23 
increases, the level of available soil P needed for maximum 
yields decreases. The regression analyses also show some 
similarities in the effect of soil moisture and available 
soil P on the corn and soybean yields. 
We can conclude that (a) corn is more sensitive than 
soybeans to critical moisture conditions, (b) there is an 
interaction between P and moisture stress, and (c) the mois­
ture stress index is more important than the available soil 
P levels in this experiment in explaining yield variability. 
The regression equations show an influence of avail­
able soil P on yields, but the magnitude of that influence 
was not as great as expected. The most reasonable explana­
tion for the lack of response to P is the influence of 
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moisture stress on the yield response. Under critical 
rainfall conditions, it is difficult to observe responses 
to other factors. This does not explain the lack of response 
to available soil P when moisture stress was low. Other 
possible explanations for this situation are: (a) there 
are other unmeasured factors influencing yield and yield 
response to P and those factors limited the yield response 
to P; (b) the varieties used were adapted to conditions of 
low available soil P; (c) the corn-soybean rotation affected 
soil conditions that favorably influenced available soil P; 
(d) the chemical test did not measure accurately the avail­
able soil P in this soil; and (e) the inherent available 
soil P level was simply high enough for the yields obtained. 
Other research needs to be accomplished to identify the 
specific factors affecting yield response to available 
soil P. 
Influence of residual P and annually applied P on P content 
in the grain and on P removed by the grain 
The effect of initially and annually applied P on the 
P concentration (% P) in corn grain was determined by regres­
sion analysis of P content of grain as a function of rates 
of applied P (Table 53). The results indicate a significant 
and positive effect of the initially and annually applied P 
on the P content in corn grain with the exception of the 
first year for annually applied P. The coefficients change 
Table 53. Regression statistics of the linear relationship between percent P in corn 
grain and initially and annually applied fertilizer P 
Variable 75 79 
Year 
80 81 8 2  
Intercept 
P, 
0.294817** 
0 . 0 0 0 0 6 6 2 * *  
0.0001448 
0.32 
0.264272** 
0.0000960** 
0.0012770** 
0.74 
0.268528** 
0.0000459** 
0.0009375** 
0.59 
0.270103** 
0.0000503** 
0.0010100** 
0.48 
0.285700** 
0.0000675** 
0.0013323** 
0.36 
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throughout time and there is a tendency for the influence of 
annually applied P on the P content in the grain to increase 
over time. Because the same plots received the same amount 
of P each year, it is expected that the coefficients for 
annual P applications would increase over time. 
For soybeans, the influence of initially and annually 
applied P on the concentration of P increased 
over time (Table 54). Unfortunately, there is not enough 
information to test whether the coefficients are really 
changing over time or if it is variation due to chance. 
The limitations on determining the cause of the changes 
are the low number of years in which this observation was 
recorded and the absence of variables for establishing 
relationships with the regression coefficients. 
The relative influence of annually applied P and of 
initially applied P can be obtained by the ratio of the 
respective linear regression coefficients (partial deriva­
tives of P concentration in grain with respect to time of 
P application) obtained from Tables 53 and 54. The ratio 
of the linear coefficients (partial derivatives) indicates 
the effectiveness of a unit of annually applied P relative 
to one unit of P applied at the beginning of the experiment 
on increasing the P concentration in the grain by one unit. 
According to this concept, the efficiency of P applied 
each year increases over time until values of 20 for corn 
Table 54. Regression statistics of the linear relationship between percent P in 
soybean grain and initially and annually applied fertilizer P 
Variable 75 78 
Year 
79 80 81 
Intercept 
^1 
^2 
R2 
0.480378** 
0.0000228+ 
•0.0000060 
0.08 
0.648739** 
0.0000518** 
0.0008670** 
0.39 
0.615153** 
0.0000569** 
0.0007837++ 
0 . 2 8  
0.502353** 
0 . 0 0 0 0 6 6 8 * *  
0.0021359** 
0.44 
0.532222** 
0.0000799** 
0.0021230** 
0.57 
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and 30 for soybeans are obtained (Table 55). It is neces­
sary to consider that the annual P applications confound 
the direct effect plus residual effects of past annual 
applications on the same plot. The ratio does indicate 
that the efficiency of applied P decreases over time. 
Another method used to measure direct and residual P 
effect was yield of P functions which describe the amount 
of P removed by the grain. Information for this method 
is presented in Table 56. The amount of residual P (dif­
ference between P provided by the soil when no P was applied 
at the beginning of the experiment and P provided when the 
lowest amount of initial P was applied) shows that this 
amount decreases over time, but there is a tendency to 
maintain that value at a constant level in the later years. 
Table 56 also shows the residual P as a percent of the 
total amount of P applied at the beginning of the experiment. 
This percentage is one half of the initially applied P 
(147 kg P per ha) in the first year, but decreases to one 
tenth during the later years. 
The average recovery of P in the grain for each treat­
ment and each crop is shown in Table 57. There is a clear 
treatment effect on the amount of P extracted by the corn 
grain. Corn grain extracted 6 kg of P more from the treat­
ment with the highest initial amount of P and annually 
applied P than from the no P treatment. For soybeans, the 
131 
Table 55. Rates of partial derivatives of P content in the 
grain with respect to annually and initially 
applied P for corn and soybeans 
Year 
Crop 75 78 79 80 81 82 
Corn 2.19 a 13.30 20.42 20.08 19.74 
Soybeans __b 16.74 13.77 31.97 26.57 a 
^No data obtained in these years. 
^Negative ratio for this year. 
Table 56. Residual P coming from an initial application of 
147 kg P per ha calculated by yield of P function 
Residual P from 
147 kg per ha of 
initially applied P 
Year kg/ha % 
75 77 52 
78 39 27 
79 20 14 
80 11 7 
81 7 5 
82 18 12 
Table 57. Average annual recovery of P and P recovered over treatment P_P_ for each 
treatment combination 
Average annual recovery 
Average 
annual P 
recovered 
over 
P recovered 
for 8-year 
period 
over % of 
Treat­ Crop treatment treatment applied P 
ment Corn Soybeans Average 
^0^0 PQPO recovered 
^0^0 26.31 15.34 20.83 
^0^11 27.49 16.08 21.79 0.96 7,68 8.73 
^0^22 29.04 17.08 23.06 2.23 17.84 10.14 
^0^33 30,31 17.34 23.83 3.00 24,00 9.09 
^1^0 29.19 17.00 23.10 2.27 18.16 12.35 
^1^11 29.97 17.48 23.73 2.90 23.20 9.87 
^1^22 31.04 17.73 24.39 3.56 28.48 8.82 
^1^33 30.26 17.21 23.74 2.91 23.28 5.66 
^2^0 32.50 16.65 24.58 3.75 30.00 10.20 
^2^11 31.61 17.51 24.56 3.73 29,84 7.81 
^2^22 31.77 17.39 24.58 3.75 30,00 6.38 
^2^33 32.69 18.62 25.66 4.83 38.64 6.92 
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difference was 3 kg of P between the two treatments. The 
average difference between the extreme treatments for the 
two crops is approximately 5 kg of P. 
There is a general relationship between the amount of 
P recovered by the crops and the soil test index and/or 
the amount of applied P. As the amount of applied P in­
creased, the soil test index increased and the absolute 
amount of P removed increased. 
The amount of P recovered from the applied fertilizer 
P was estimated by subtracting the amount recovered in 
the zero P treatment from the amounts recovered in the 
applied fertilizer P treatments {Table 57). In general, 
a larger amount was recovered annually and over the 8-year 
period as the applied P treatment rates were increased. 
The proportion or percentage recovery of applied fertilizer 
P decreased, however, as the applied fertilizer P rate was 
increased. An average of less than 10% of applied P was 
recovered in the grain meaning that almost 90% of the applied 
P remains in the soil. This is in agreement with previous 
findings (Thomas, 1964). 
Because the recovered P was only that measured in the 
grain, the P taken up by the whole plant was returned in 
the crop residue to the soil. This P will add to the pool 
of P in the soil and may be available to future crops. 
Because no significant yield response to P was obtained 
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in an eight-year period for this experiment, it is apparent 
that the soil P level contributed adequate P for the crops 
being grown. It also is apparent that it is not easy to 
predict when the soil will not contribute sufficient P and 
a yield response will be obtained from the fertilizer P 
treatments. 
Influence of initially and annually applied P on available 
soil P 
The values of the regression coefficients for a linear 
model of available soil P on rates of initially and annually 
applied P show a positive and significant relationship for 
2 
all years (Table 58). The R values are high, explaining 
in all years more than 75% of the total variability in 
available soil P. Analyses of the individual coefficients 
indicate a decline in the absolute value of the intercept 
over time (a measurement of the amount of available soil 
P when no P is applied throughout the time), a decrease 
in the absolute value of the coefficient associated with 
initially applied P, and an increase in the value of the 
annual P application over time. The decline in the influ­
ence of the initially applied P on available soil P can be 
explained in terms of crop removal and/or movement to 
chemical forms not extracted by the soil test. The increase 
in the magnitude of the coefficient of annual P applications 
is attributed to the effect of a current application and 
the cumulative effect of past applications. 
Table 58. Regression statistics of the linear model of available soil P on initially 
and annually applied P and ratios of first partial derivative of available 
soil P with respect to annually applied P and to initially applied P 
Year 
Variable 75 76 77 78 79 80 81 82 
Intercept 30.93** 29.68** 29.51** 16.89** 16.66** 12.84** 13.68** 16.18** 
P^ 0.43** 0.31** 0.26** 0.27** 0.25** 0.23** 0.23** 0.18** 
Pg 0.43+ 0.56** 0.72** 1.13** 1.27** 1.49** 1.63** 1.72** 
0.76 0.87 0.83 0.85 0.92 0.90 0.88 0.89 
Ratio of 1.0 1.81 2.77 4.19 5.08 6.48 7.09 9.56 
first par­
tial de­
rivatives 
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The ratio of the partial derivatives (ratio of linear 
coefficients) of available soil P with respect to the annual 
P application and with respect to the initial amount of P 
applied (Table 58) is a measure of the relative efficiency 
of P applied each year compared to the initial P applied 
to increase available soil P. The ratios indicate an in­
crease in the effect of annual P applications on available 
soil P over time. This increase is confounded with the 
decrease in the residual effect of P applied at the begin­
ning of the experiment and an increase in the effects of 
annual P applications due to the cumulative effects of the 
annual applications. 
The inclusion of an interaction term between initially 
applied P and annual P application in the regression equa­
tion did not improve the estimation of available soil P 
either in terms of significance of the coefficients or in 
2 terms of R . Although the interaction term was signifi-
2 
cant in three of the eight years, the R value was not 
increased for any given year. The interaction of the two 
factors was significant in the combined analyses of vari­
ance for available soil P because of greater precision in 
the mean square error. Under this circumstance, the inter­
action term was disregarded in the regression equation for 
each year. With these equations, a fertilizer application 
was calculated each year to maintain available soil P at 
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the same level existing at the beginning of the experiment 
(Table 59). The data suggest that in order to maintain a 
given available soil P level created in an artificial man­
ner more fertilizer P than the P removed by the grain is 
required. The amount of P required relative to that removed 
increases as the initial soil P level created artificially 
increases (Table 60). In Table 61, the effect of applying 
the amount of fertilizer P equivalent to that removed in 
the grain on the available soil P levels is shown. The 
concept of applying an amount of fertilizer P equivalent 
to that removed in the harvested crop to maintain a given 
fertilizer level is valid only when maintaining a level that 
has been in equilibrium with the soil or perhaps a rela­
tively low level. For a high available soil P level, which 
was created with one initial application of fertilizer P, 
the application of an amount of fertilizer P equivalent to 
that removed in the harvested crop maintains the soil P 
level at a lower level than initially created. This may 
be due to the initial application not being in equilibrium 
with the soil. The highest available soil P level con­
tinued to decrease over time even though an amount of 
fertilizer P equivalent to that removed (maintenance amount) 
was applied. This information supports the idea that a 
maintenance amount of fertilizer P is not just the amount 
of P removed by the harvested portion of the plant, but 
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Table 59. Amount of fertilizer P required each year to main­
tain the available soil P level existing at the 
beginning of the experiment 
Level of 
available 
soil P to 
maintain^ 
(kg of P 
per ha) 75 76 
Year 
77 78 79 8 0  81  82 
-P, kg per ha-
40 21 18 15 20 18 18 16 14 
100 14 44 45 38 37 33 32 33 
150 0 52 61 48 47 47 42 47 
For the levels of 100 and 150 kg of P per ha, an initial 
P application of 147 and 294 kg of P per ha, respectively, is 
considered. 
Table 60. Ratios of fertilizer P to P removed in grain that 
is required to maintain three available soil P 
levels 
Level of 
available 
soil P to 
maintain 
(kg of P 
per ha) 75 76 
Year 
77 78 79 80 81 82 
-P, kg per ha-
40 1.0 0.9 0.7 1.0 0.9 0.9 0.8 0.7 
100 0.6 1.8 1.9 1.6 1.5 1.4 1.3 1.4 
150 2.0 2.3 1.8 1.8 1.8 1.6 1.8 
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Table 61. Effect of applying the amount of fertilizer P 
equivalent to that removed in the grain on avail­
able soil P levels 
Initial 
level of 
available 
soil P^ 
(kg of P Year 
per ha) 75 76 77 78 79 80 81 82 
-P, kg per ha-
40 40 41 45 41 43 44 48 52 
100 104 89 85 84 84 82 87 84 
150 169 135 125 126 123 119 124 114 
For the levels of 100 and 150 kg of P per ha, an initial 
P application of 147 and 294 kg of P per ha, respectively, is 
considered. 
involves the initial fertility level and processes going 
on in the soil. 
McClelland (1968) devised a concept for the study of 
residual effect of fertilizer. He defined a yield A as a 
yield obtained in year t from a plot with a given amount 
of P applied each year, B as a yield obtained from a plot 
receiving P during the past t-1 years but none at time t, 
and C a yield from a plot with no P application in any 
given year. The cumulative effect then is equal to A-C, 
current effect is A-B, and residual effect is B-C. This 
concept was applied to the available soil P values. 
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The cumulative effects of applied P, A-C (Table 62), 
show the strong influence of applied P at each rate at each 
initial P level. Available soil P declined for the treat­
ments that received no annual P applications and tended to 
increase for the highest annual P treatment (treatments 
^0^33' ^ 1^33' ^2^33^* apparent that the initial 
available P levels created by the large initial P applica­
tions had to come to some equilibrium level in the soil 
before it could be maintained by an annual P application. 
The normal 22 kg P per ha annual rate (treatments Pq^22' 
^1^22' ^2^22^ ' is the approximate average annual 
P removed for a corn-soybean sequence, appeared to maintain 
the available soil P level. 
Although the residual P effect could not be determined 
according to McClelland's (1968) concept, a gross estima­
tion can be obtained by comparing the values of the no P 
treatment with those of the initial P treatments only (treat­
ments P^Pg and PgPQ in Table 62). The data indicate an 
increase in the residual effect as the rate of initially 
applied P increases, but it decreases over time. 
The differential effects of initial and annual P appli­
cations on available soil P are shown in Table 63. The 
differential effect increases generally over time and this 
is due to the initial P levels decreasing and the levels 
from annual applications increasing or decreasing at a slower 
rate than those of the initial P application. 
Table 62. Cumulative effects of fertilizer P applications on available P determined 
by subtracting the available soil P level of the treatment that received 
no P from all other treatments from each year 
Treat- - Year 
ment 75 76 77 78 79 80 81 82 
p, kg per ha 
^0^0 — — — — — — — — — — — — 
^0^11 -2.61 1.68 8.77 7.10 7.84 9.89 13.07 13.44 
^0^22 2.62 11.20 12.32 12.51 22.96 22.77 26.14 33.42 
^0^33 -1.30 16.05 20.90 24.83 32.11 40.51 41.82 46.11 
Pl^O 41.63 40.14 34.16 24.27 25.39 19.97 20.54 26.14 
Pl^ll 49.28 36.03 43.49 32.67 34.54 36.21 43.31 39.39 
^1^22 58.80 58.06 48.34 43.87 56.00 54.51 63.47 61.42 
P1P33 73.18 57.31 71.12 67.20 74.67 84.00 86.24 82.88 
^2^0 118.16 92.59 77.65 72.43 67.76 63.65 60.67 44.62 
^2^11 127.50 90.72 85.12 70.56 79.34 72.61 74.11 62,91 
^2^22 119.66 98.00 93.52 106.03 100.62 97.81 106.22 
89.42 
^2^33 134.03 109.39 94.45 114.24 109.39 107.71 113.50 111.63 
Table 63. Differential effects of initial and annual P applications on available 
soil P determined by subtracting available soil P levels of the initial 
application from those of the annual applications for each year 
Treat- Year 
ment 75 76 77 78 79 80 81 82 
p. Kg per ha 
0 0 0 0 0 0 0 0 
^0^11 -2.61 1.68 8.77 7.10 7.84 9.89 13.07 13.44 
^0^22 2.62 11.20 12.32 12.51 22.96 22.77 26.14 33.42 
^0^33 -1.30 16.05 20.90 24.83 32.11 40.51 41.82 46.11 
Pl^O 0 0 0 0 0 0 0 0 
Pl^ll 7.65 -4.11 9.33 8.40 9.15 16.24 22.77 13.25 
^1^22 17.17 17.92 14.18 19.60 30.61 34.54 42.93 35.28 
^1^33 31.55 17.17 36.96 42.93 49.28 64.03 65.70 56.74 
^2^0 0 0 0 0 0 0 0 0 
^2^11 9.34 -1.87 7.47 -1.87 11.58 8.96 13.44 
18.29 
^2^22 1.50 5.41 15.87 33.60 32.86 34.16 
45.55 44.80 
^2^33 15.87 16.80 16.80 41.81 41.63 44.06 52.83 67.01 
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Because there was a differential effect on available 
soil P by the annual fertilizer P applications for the dif­
ferent initial P levels, regression analyses of available 
soil P on time for each treatment was done. The time vari­
able was the number of years after the inital P applications. 
The square root and quadratic models were evaluated (Table 
64) . 
The intercept of both models is an estimate of the 
initial soil P levels created by the initial P applications. 
A negative square root term and a positive linear term of 
the square root model indicate that available soil P de­
creases at a decreasing rate. When both terms are negative, 
the available soil P decreases at an increasing rate; and 
when both are positive, available soil P increases at an 
increasing rate. The same interpretation applies to the 
linear and quadratic terms of the quadratic model. 
2 Although the R values were generally low for both 
models, the square root model performed slightly better 
2 than the quadratic model. The highest R value for each 
model was for the highest initial P application only. 
The rate of change of available soil P for each treat­
ment over time can be estimated by solving the first deriva­
tive of available soil P with respect to time for each 
regression model. The values for three time intervals 
are shown in Table 65. 
Table 64. Regression statistics of the square root and quadratic models of 
available soil P on time in number of years from initial P application 
Treat- Variate Variate 
ment Intercept (Year) Year R Intercept Year (Year) R 
= 0=0 41 .00** -7 .67++ -0 .18 0. 50 40 .25** -5 .84** 0 .44* 0. 50 
^0^11 38 .32** -1 .93 -0 .06 0. 04 38 .75** -2 .10 0 .20 0. 05 
^0^22 44 .35** —6 .04 3 .22 0. 06 44 .69** -2 .17 0 .48 0. 07 
^0^33 40 .07** 5 .64 1 .58 0. 38 41 .87** 4 
.49++ 
-0 .14 0. 37 
Pl^O 84 .48** -15 .96++ -0 .32 0. 45 84 .79** -13 .97** 1 .18* 0. 49 
^1^11 90 .27** -23 .16* 4 .45 0. 24 87 .02** -11 .67** 1 .18* 0. 24 
^1^22 101 . 44** -23 .84** 6 .21* 0. 27 99 .10** -11 .40** 1 .36** 0. 30 
^1^33 112 .37** -22 .90* 8 .07* 0. 11 106 .59** -5 .31+ 0 
.80+ 0. 05 
^2^0 158 .69** -33 .72** 0 .08 0. 70 151 .98** -21 .41** 1 .44* 0. 68 
^2^11 167 .64** —48 .46** 6 
.95+ 0. 55 158 . 06** -24 .01** 2 .07** 0. 51 
^2^22 158 .37** -26 .09** 4 .13+ 0. 45 150 .97** -10 .30** 0 
.80+ 0. 38 
^2^33 173 .99** -41 .81** 10 
.20++ 0. 25 165 .34** —16 .12** 1 .73* 0. 20 
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Table 65. Values of the first derivative^ of available soil P 
with respect to time for different years for the 
square root and quadratic models 
Years after initial P application 
Treat­
ment 
1 4 7 
Sq.root Quad. Sq.root Quad. Sq.root Quad. 
^0^0 -4.0 -5.0 -2.1 -2.3 -1.6 0.3 
^0^11 -1.0 -1.7 -0.5 -0.5 -0.4 0.7 
^0^22 0.2 -1.2 1.7 1.7 2.1 4.5 
^0^33 4.4 4.2 3.0 3.4 2.6 2.5 
PlPo -8.3 -11.6 -4.3 -4.5 -3.3 2.5 
^1^11 -7.1 -9.3 -1.3 -2.2 0.1 4.8 
^1^22 -5.7 -8.7 0.2 -0.5 1.7 7.6 
^1^33 -3.4 -3.7 2.3 1.1 3.7 5.9 
^2^0 -16.8 -18.5 -8.3 -9.9 -6.3 -1.3 
^2^11 -17.3 -19.9 -5.2 -7.4 -2.2 5.0 
^2^22 -8.9 -8.7 -2.4 -3.9 -0.8 0.9 
^2^33 -10.7 -12.6 -0.2 -2.3 2.3 8.1 
^The units of the first derivative are P, kg per ha. 
In general, the values of the first derivatives for 
both models became less negative or more positive over time 
with the exception of the highest annual P treatment on 
the zero initial P treatment (treatment P^P^^). For the 
first year after application, there was general agreement 
146 
between these two models in both signs and absolute values 
of the first partial derivatives. There was less general 
agreement after four years and little agreement after seven 
years. 
In the first year, all available soil P levels were 
declining except for the annual P treatment of 33 kg P per 
ha on the initial soil P level that received no initial 
application of fertilizer P. The available soil P level 
was decreasing at a more rapid rate as the initial soil P 
level was increased. Annual P applications decreased the 
rate of decline. 
After four years, the rate of decline of the initial 
P levels was decreasing and the annual P treatments had a 
positive influence on the rate of change of available soil 
P. The annual treatments of 22 and 33 kg P per ha on the 
initial P level that received no initial fertilizer P were 
increasing available soil P, and the annual treatment of 
33 kg P per ha on the initial P level that received 147 
kg P per ha was having a positive rate of change. The 
highest initial P level was decreasing, but the rate of 
change was lessened by the annual P treatments. 
After seven years, the quadratic model indicated a 
positive rate of change in available soil P for all treat­
ments except the highest initial P level that received no 
annual P treatment. This did not agree with the data. 
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The square root model provided better estimates than the 
quadratic model of the rate of change of available soil P. 
The rate of change predicted by the square root model was 
still negative for the zero annual P treatments at all 
three initial P levels (treatments ^1^0' ^2^0^ 
and the 11 kg P per ha and the 11 and 22 kg P per ha annual 
treatments for the lowest and highest initial P treatments, 
respectively. The rate of change in the seventh year indi­
cates that available soil P was coming to equilibrium for 
some treatments. 
Another evaluation of the square root and quadratic 
models was to determine the number of years after initiation 
of the treatments that the rate of change of available soil 
P would be zero, i.e., it would no longer continue to de­
crease or increase depending on the treatment. The esti­
mated number of years for this to occur for both models 
and the available soil P level at which this occurred are 
given in Table 66. Although the quadratic model provided 
ready solutions, the estimated number of years for avail­
able soil P to stop decreasing and start increasing did 
not agree with the raw data. The square root model 
appeared to provide more realistic estimates. The esti­
mated available soil P levels at which the rate of change 
was zero were in close agreement for both models. 
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Table 66. Years after which rate of change of available soil 
P is zero and the available soil P level at which 
this occurs as predicted by the square root and 
quadratic models 
Treatment 
Square root model Quadratic model 
Year 
Available 
soil P 
kg/ha Year 
Available 
soil P 
kg/ha 
Po^o 
a 6.6 21 
Po^ll 
a 5.3 33 
^0^22 0.9 42 2.3 42 
P0P33 
a 16.0 78 
Pl^O 
a 
— — 5.9 43 
Pl^ll 6.8 60 4.9 58 
^1^22 3.7 79 4.2 75 
^1^33 2.0 96 3.3 98 
Vo 
__b 7.4 72 
Vll 12.2 83 5.8 88 
^2^22 10.0 117 6.4 118 
^2^33 4.2 131 4.7 128 
^For these treatments, a critical point does not exist. 
^An excessive number of years resulted for this 
treatment. 
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The square root model did not provide an estimate for 
several treatments because no maximum or minimum in avail­
able P was reached within the time that the experimentation 
was conducted, i.e., available soil P was still declining. 
Although the rate of change continued to be negative for 
several of the treatments, there was a tendency for this to 
decrease and for available soil P to reach some equilibrium 
value. For the treatments that the rate of change of avail­
able soil P reached zero, the solution for years was influ­
enced by the initial P levels and annual P applications. 
As the initial P levels increased, more time was required 
to obtain a minimum available soil P level. But, as the 
annual P applications were increased, the time required 
decreased. The available soil P at the minimum point was 
influenced positively by the initial P levels and by the 
annual P applications. 
Table 6 7 shows the values of regression coefficients 
using the procedure called Proc Forecast to calculate 
future values of available soil P. The values of the 
coefficients are similar to those obtained for the quad­
ratic model with particularly close agreement with the 
quadratic term. This procedure permitted the determination 
of serial correlation between consecutive years and between 
two-year periods. There was no correlation between error 
terms and, thus, no serial correlation. 
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Table 67. Regression statistics of the quadratic model of 
available soil P on time in years from initial P 
applications using Proc Forecast 
Treatments 
Variates 
Intercept Year (Year)^ 
46.52 -6.71 0.44 
^0^11 41.05 -2.50 0.20 
^0^22 47.34 -3.13 0.48 
^0^33 37.23 4.78 -0.14 
^1^0 99.93 -16.32 1.18 
^1^11 99.87 -14.03 1.18 
^1^22 111.86 -14.12 1.36 
^1^33 112.70 -6.91 0.80 
^2^0 174.83 -24.28 1.44 
^2^11 184.14 -28.15 2.07 
^2^22 162.07 -11.89 0.80 
^2^33 183.19 -19.59 1.73 
A general model of available soil P on variables which 
were considered to be important in explaining the variability 
in available soil P was calculated. The regression coef­
ficients of this model are shown in Table 68. All the terms 
2 
are significant and the value of R is relatively high. 
First partial derivatives of this function were cal­
culated with respect to the different variables to provide 
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Table 68. Regression statistics of the final model of avail­
able soil P on selected variables 
Variates Coefficients 
Intercept 19.4339** 
Pi 0.4079** 
^2 1.1159** 
(Year) ^ -8.8993** 
Year 3.7196** 
SpH 2.7956** 
(Year) ^ x P^ -0.0808** 
to
 
0.83 
an understanding of their effect on available soil P. The 
derivative with respect to the initial P application shows 
that this value decreases over time, which was expected and 
was observed in the data. The derivative with respect to 
annual P applications shows this value as having a constant 
positive effect. From a theoretical viewpoint this is 
expected, but the measure of available soil P values 
actually increased at an increasing rate over time. In 
spite of this shortcoming of the model, the model was 
retained. The derivative with respect to year (time) shows 
that the rate of decline in available soil P decreases 
over time, but the rate of decline increases as initially 
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applied P was increased. This also was determined in previous 
analyses. 
A final evaluation of the different models was to com­
pare their ability to predict future values of available 
soil P. The quadratic model and the forecast model were 
essentially the same models, thus the Forecast model was 
omitted in this evaluation. Table 69 shows values of pre­
dicted available soil P for 1983 using three regression 
models, values obtained by a soil chemical test for the same 
year, and parameters of the evaluation of the three models 
in relation to the real value. For all the models, there 
is an overestimation of available soil P as shown by the 
differences between the predicted value and the real value 
and the value of the average bias. The greatest bias is 
obtained with the quadratic model and the smallest with 
the square root model. An ideal model should have a bias 
equal to zero. The values of relative bias, standard devi­
ation, and relative standard deviation show a tendency 
toward favoring the square root model. The value of the 
standard deviation means that an estimation of available P 
has this error on the average. 
Although the values of the correlation coefficients 
between predicted values and observed values are high for 
all the models, the highest value is obtained with the 
square root model. According to this evaluation, the square 
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Table 69. Predicted available soil P values for the eighth 
year (1983) using three regression models and their 
evaluation 
Regression models 
Square 
Treatment root Quad. 
Observed 
General value 
-P, kg per ha-
18 22 29 22 
^0^11 32 35 41 32 
^0^22 53 58 53 56 
^0^33 69 69 65 73 
Pl^O 37 48 55 38 
^1^11 60 69 67 57 
^1^22 84 • 95 79 77 
^1^33 112 115 92 106 
64 73 81 58 
^2^11 86 99 94 76 
^2^22 118 120 106 100 
^2^33 137 147 118 130 
Aver, bias (kg/ha) 3. 75 10. 42 4.58 
Rel. bias (%) 5. 45 15. 14 6.66 
Standard deviation 6. 58 8. 62 11.96 
Rel. standard dev. (%)9. 07 10. 89 16.30 
Correlation 0. 99 0. 98 0.93 
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root model represents the best model to predict available 
soil P. 
Economic Analyses 
The economic analyses of the data included the current 
and residual P effects on the crop yields. These effects 
were measured in different continuous and discrete models. 
In these analyses, the costs and prices used are: $10.00 
per quintal of corn, $35.00 per quintal of soybeans, $1.00 
per kg of P, and an annual interest rate of 15%. 
This section is divided into three parts: (a) economic 
analyses using available soil P as a measure of current 
and residual P, (b) discrete method using information from 
yields for all years, and (c) cost of maintaining a certain 
available soil P content. 
Economic analyses using available soil P ^  a measure of 
current and residual P 
Before deriving the function relating crop yields to 
an index of available soil P (Z) and the moisture stress 
index, the derivation of other parameters is required. 
Those parameters are 0  and A ,  which represent the carry­
over effect and the factor of proportionality, respectively 
(Lanzer et al., 1981). The values obtained for these 
parameters by applying nonlinear least squares indicate 
that 0 is different from zero and that fertility carry-over 
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is very important for these conditions (Table 70). The 
value of % indicates that each kg of available soil P deter­
mined by the soil test is equivalent to 1.18 kg of fertilizer 
P per ha or that 1 kg of applied P fertilizer is equivalent 
to 0.85 kg available soil P her ha. The value of 0 indicates 
that 76% of the P present is carried over from cycle to 
cycle. 
The estimates shown in Table 70 were used to estimate 
Z values, according to formula (6) from the materials and 
methods section. Then, yields were regressed on these Z 
values, moisture stress index values, and some selected 
interactions (Table 71). The regression statistics suggest 
a poor fit between yield and the variables selected as indi-
2 
cated by the low R values. The significance of the 
coefficients changes according to the crop. The signs 
of the coefficients show that Z has a positive effect at 
a decreasing rate. The linear effect of Z is diminished 
as values of the moisture stress index increase, and the 
curvature of the function becomes more positive as the 
same variable increases. 
Table 72 shows the effects of Z and the moisture stress 
index on corn and soybean yields. Increasing values of 
the moisture stress index decreases yields, and increasing 
values of Z increase yields. Soybeans are less sensitive 
than corn to the negative effect of the moisture stress 
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Table 70. Estimates of parameters for carry-over values 
of available soil P 
Variable Estimate 
0 0.76** 
(0.01)3 
A 1.18** 
(0.08) 
0.96 
^Values in parentheses represent standard errors. 
Table 71. Regression statistics of the quadratic model for 
corn and soybean yields on the index, Z, for carry­
over available P and the moisture stress index 
Variate Corn 
Crop 
Soybeans 
Intercept 
Z 
Z2 
MSI 
Z X MSI 
7? X MSI 
„2 
96.0321** 
0.1346 
-0.00070+ 
0.146319 
-0.017493* 
0.0000716* 
0 . 1 8  
28.6372** 
0.0371 
-0.00015 
-0.150970+ 
-0.002624+ 
0 .0000108+  
0.25 
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Table 72. Estimated crop yields for two values of the mois­
ture stress index and for specified values of Z 
using soil analyses as a measurement of residual P 
Crop 
Z MSI Corn Soybeans 
P, kg/ha quintals per ha 
0 0 96.03 28.64 
10 97.49 27.13 
30 0 99.44 29.61 
10 96.30 27.41 
60 0 101.59 30.33 
10 95.13 27.63 
90 0 102.48 30.76 
10 94.00 27.76 
120 0 102.10 30.93 
10 92.89 27.83 
index. Although yields increase as Z increases, the detri­
mental effect of an increasing moisture stress index de­
creases yields more as Z increases. 
Estimation of Z values for maximum yields requires 
values of the moisture stress index for the function shown 
in Table 71. Because the average of 9.34 for the moisture 
stress index did not permit the derivation of a maximum 
value for Z, a decision was made to use a zero value for 
the moisture stress index, which would represent the most 
desirable moisture condition for crop yields. The result­
ing equation for corn is 
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Y = 96.0321 + 0.1346 Z - 0.00070 Z^ 
and 
Y = 28.6372 + 0.0371 Z - 0.00015 Z^ 
for soybeans. 
The solutions of these equations gave values of Z of 
96 and 124 for corn and soybeans, respectively. These 
values represent values of Z or fertility targets to obtain 
maximum yields, but do not represent fertilizer P applica­
tions or values of the chemical test for P. According to 
the value of %, the Z values correspond to 81 and 105 kg 
of soil test P to obtain maximum yields of corn and soybeans, 
respectively. The predicted yields for the derived Z values 
are 102.5 and 30.9 quintals per ha for corn and soybeans, 
respectively. The response to Z is of a small magnitude, 
even in conditions in which the moisture stress index is 
at zero. If there was no residual effect of applied 
fertilizer P, the amount of fertilizer P to apply would be 
related directly to the values of the soil chemical test. 
In conditions of carry-over, however, the current and the 
residual effects of the fertilizer are important. 
If carry-over of fertilizer P is assumed, values of 
Z can be calculated for optimum yields. If carry-over is 
assumed for two years, the values of Z are 68 and 86 for 
corn and soybeans, respectively. These values correspond 
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to available soil P values determined by soil test of 58 
and 72 kg P per ha for corn and soybeans, respectively. 
Discrete method 
Average annual corn and soybean yields and gross returns 
and costs for an eight-year period are shown in Table 73. 
The effect of the treatments on yields and, thus on gross 
returns, was varied. For corn, the lowest average yield 
was due to treatment the highest average yield 
was due to treatment P^Pg. For soybeans, the lowest average 
yield was due to treatments P^P^^ and PgPg, and the highest 
average yield was due to treatment P^Pgg-
There were three treatments that produced lower average 
annual gross returns than treatment P^Pg. These treatments 
were P^P^^, PgPg, and ^2^22* total and average annual 
fertilizer costs do not include application costs. 
Annual and total marginal returns, total marginal costs, 
and the ratio of total returns to costs are shown in Table 
74 for an eight-year period. All marginal values were 
obtained by subtracting the values for treatment P^P^, 
which received no P at any time, from each of the values 
for all other treatments. Because previous analyses have 
shown no significant effect of treatments on yields, the 
marginal returns are variable and not well-related to treat­
ments as expected. In general, the highest marginal return 
Table 73. Average corn and soybean 
different treatments of 
yields, gross returns, and gross costs due to 
the residual P experiment^ 
Treat­ Average yields 
Average 
annual 
gross 
Total 
gross 
Total 
gross 
fertilizer 
Average 
annual gross 
fertilizer 
ment Corn Soybeans returns returns P costs P costs 
—quintals per ha- — —f per 
^0^0 94.80 27.28 951.40 7611.20 0.00 0.00 
^0^11 94.52 27.53 954.38 7635.04 88.00 11.00 
^0^22 92.81 28.08 955.45 7643.60 176.00 22.00 
o
 
w
 
w
 94.88 27.88 962.30 7698.40 264.00 33.00 
Pl^O 98.28 28.23 985.43 7883.44 147.00 18.38 
^1^11 95.47 27.90 965.60 7724.80 235.00 29.38 
^1^22 95.93 28.74 982.60 7860.80 323.00 40.38 
^1^33 90.79 27.22 930.30 7442.40 411.00 51.38 
^2^0 94.50 27.22 948.85 7590.80 294.00 36.75 
^2^11 93.40 28.31 962.43 7699.44 382.00 47.75 
^2^22 90.90 27.46 935.05 7480.40 470.00 58.75 
^2^33 91.74 28.59 959.03 7672.24 558.00 69.75 
^Average yields and average annual returns excluded 1977, but total returns are 
for an eight-year period. 
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Table 74. Marginal returns, marginal costs, and ratio of 
these quantities in residual P experiment 
Annual Total Total Ratio of 
Treat- marginal marginal marginal returns 
ment return return cost to costs 
$ per ha 
^0^11 2.98 23.84 88 0.27 
hj o to to 4.05 32.40 176 0.18 
^0^33 10.90 87.20 264 0.33 
^1^0 34.03 272.24 147 1.85 
Vii 14.20 113.60 235 0.48 
^1^22 31.20 249.60 323 0.77 
^1^33 -21.10 -168.80 411 -0.41 
^2^0 -2.55 -20.40 294 -0.07 
^2^11 11.03 88.24 382 0.23 
^2^22 -16.35 -130.80 470 -0.28 
^2^33 7.63 61.04 558 0.11 
was for the intermediate P treatments and the lowest was for 
the highest P treatments. One measure of the efficiency of 
a P application is the dollar value of yield obtained for 
each dollar used for fertilizer P, which was calculated by 
dividing the marginal return by the marginal costs. Values 
less than one for this ratio indicate that the marginal 
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return is not paying the marginal cost of P application, 
values equal to 1 indicate that the marginal return is 
equal to marginal cost, and values greater than 1 indicate 
that the P application is returning more than its cost. 
The ratios calculated for this experiment (Table 74) show 
that, with the exception of one treatment, all have values 
of less than one indicating that the increase in return is 
less than the increase in cost. Treatment P^Pg (147 kg of 
P applied at the beginning of the experiment and no P 
applied annually) gives a ratio of 1.85 indicating that for 
each dollar invested in fertilizer, $1.85 is returned from 
the yield increase. In this analyses, the available soil 
P remaining in the soil after eight years is not considered. 
For some treatment combinations, the cost of a P appli­
cation is not the same throughout all the years, i.e., it 
is quite high in the first year because of the initial 
application and for the annual applications the cost is 
constant for each year. No consideration has been given 
thus far to the time variable and the rates of interest 
associated with time. Because the establishment of P 
levels involves decisions related to the use of resources 
throughout time (use of P fertilizer once or use of P 
several times throughout a period) and there are different 
costs associated with them, time considerations are 
involved. There are two approaches to consider time, 
exposte and exante. 
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In the exposte approach, costs are compounded over a 
time period in which returns are expected. In the exante 
approach, the present value of future returns are computed 
to determine whether the investment in the resources will 
return as much as when the same resources are invested in 
another alternative. The two procedures are not distinct, 
as some researchers suppose, but are simply different 
approaches to the same process (Heady, 1952). 
The approach used for this discussion is exante because 
for this type of problem information is required before 
the farmer makes a decision about a fertilizer application. 
The present values of total returns (Table 75) show a 
decline in comparison to the nondiscounted values (Table 
73). Even with discounting, the same tendencies for total 
and marginal returns are observed as when the quantities 
were not discounted. Because treatments P^Pg and PgPg re­
ceived a large initial fertilizer P application and no 
additional P since that time, it could be argued that the 
crops received P each year from the initial application 
and, therefore, discounting should not be done for these 
treatments over the entire time period. The argument is 
redundant, however, because resources were expended at the 
initiation of the study and no alternative use could be 
made of them, e.g., annually purchasing amounts of P. The 
ratios of return for the different treatments show that 
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Table 75. Present values of total returns and total costs 
and ratio of marginal returns to costs 
Present 
Present value of 
Present value total Ratio of 
value of total costs returns 
Treat- of gross marginal (marginal to 
ment returns returns costs) costs 
$ per ha 
^0^0 4268.75 — — 
^0^11 4281.99 13.24 56 0.24 
^0^22 4286.84 18.09 114 0.16 
^0^33 4317.52 48.77 170 0.29 
^1^0 4421.32 152.57 169 0.90 
Pl^ll 4332.33 63.58 225 0.28 
^1^22 4408.63 139.88 283 0.49 
^1^33 4173.59 -95.16 339 -0.28 
^2^0 4256.95 -11.80 338 -0.03 
^2^11 4317.80 49.05 394 0.12 
^2^22 4195.02 -73.73 452 -0.16 
^2^33 4302.54 33.79 508 0.07 
investment in none of the treatments could be justified 
because all of the ratios are less than one. 
The increase in crop yields required to pay for the 
different treatment combination is related directly to the 
amount of P applied (Table 76). Under these circumstances. 
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Table 76. Total and average increases of corn and soybean 
yields above the yield obtained with no P applied 
to pay for the P application required 
Corn Soybeans 
Treatment Total Average Total Average 
quintals per ha 
^0^11 8.8 1.10 2.51 0.31 
^0^22 17.6 2.20 5.03 0.63 
^0^33 26.4 3.30 7.54 0.94 
Pl^O 14.7 1.84 4.20 0.53 
^1^11 23.5 2,94 6.71 0.84 
^1^22 32.3 4.04 9.23 1.15 
^1^33 41.1 5.14 11.74 1.47 
^2^0 29.4 3.68 8.40 1.05 
P^fll 38.2 4.78 10.91 1.36 
^2^22 47.0 5.88 13.43 1.68 
^2^33 55.8 6.98 15.94 1.99 
the required yield increase is the same whether or not dis­
counted values are used. There are different relationships 
between the average yield increase required to pay for the 
P application and time. For treatments Pg^ll' ^ 0^22' ^ ^d 
PgPgg, the average number of quintals will be the same each 
year because the P application is made each year. For all 
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other treatments, however, the average will depend on the 
number of years over which the initial P application will 
be paid. As the time period is increased, the average 
annual yield increase required is decreased. An increase 
in the price of corn or soybeans will decrease the number 
of quintals required to pay for a P application, and an 
increase in the price of P will increase the number of 
quintals of corn or soybeans to pay for the P application. 
Costs of maintaining a specific P level in the soil 
In this last part, the costs for fertilizer P needed 
to be applied to reach and maintain two levels of available 
soil P are calculated. The equation relating available 
soil P to P applications, time, and soil pH was used (Table 
68). The two desired available soil P levels (60 and 100 
kg P per ha), average value of soil pH (pH=7.0), the dif­
ferent years after the initiation of the experiment (1, 2, 
3, 4, ..., 7), the three rates of initially applied P (0, 
147, and 294 kg P per ha) were substituted into the equa­
tion and then solved for the amount of P to apply each 
year. The results (Table 77) show that the amount of P 
to apply annually (column 3) is directly related to the 
desired available soil P level and to the amount of P 
applied initially. The amount of P to apply increases as 
the desired available soil P level increases and/or the P 
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Table 77. Amount of P to apply and total present value of 
costs to obtain two P levels in the soil 
Desired Total 
available present 
soil P Amount of P to apply value of 
level Initial Annual Total costs 
kg per ha $ 
60 0 271 271 178 
100 0 568 568 370 
60 147 14 161 176 
100 147 274 421 333 
60 294 0 294 338 
100 294 44 338 343 
applied initially decreases. No annual application of P 
is required to obtain an available soil P level of 60 kg P 
per ha over the entire time period when 294 kg of P per ha 
were applied initially. The total amount of P to apply 
(column 4) throughout the eight years of study shows how 
differently the amounts of P applied at different times 
can be. The least amount of fertilizer P to obtain a level 
of 60 kg of available soil P per ha is to apply 147 kg of 
P initially and then small amounts of P each year. When 
the desired available soil P level is 100 kg P per ha, the 
least amount of fertilizer P is used by applying 294 kg P 
per ha at the beginning and then small amounts of P each 
year. The data suggest that the soil is a system in 
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equilibrium and it is easier to reach that equilibrium by 
steps instead of a sudden change. 
The present value of costs (Tables 77, last column) 
for a soil level of 60 kg of P per ha is essentially the 
same whether that level was obtained either by applying no 
P initially with applications of approximately 34 kg of P 
each year or 147 kg of P initially plus small P applications 
each year. When this level was obtained by applying 294 kg 
of P initially and no P annually, the cost is almost twice 
the cost for the other options. When the desired 
available soil P level is 100 kg P per ha, the differences 
in the present value of costs among the three options are 
small. Although the amounts of P to apply to obtain this 
level are different, their distribution over different time 
periods causes the similarities in the present value of costs. 
The number of quintals of grain required to pay for 
the P applications to obtain the different soil P levels 
indicates similar trends as dollar costs (Table 78). The 
figures in this table represent yield increases over the 
treatment, which received no P at any time required to pay 
for the P applications shown in the table. The smallest 
increase in yield is required to obtain a level of 60 kg P 
per ha when this level is obtained by applying 147 kg P 
initially and then small amounts of P each year. With this 
choice, yield increases of 2.0 and 0.6 quintals of corn and 
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Table 78. Number of quintals of corn and soybeans required 
to maintain two available soil P levels in the 
soil 
Desired Total Grain yield 
available Initial annual Corn Soybeans 
soil P P to P to Annual Annual 
levels apply apply Total Avg. Total Avg. 
kg per ha quintals per ha 
60 0 271 27.1 3.4 7.7 1.0 
100 0 568 56.8 7.1 16.2 2.0 
60 147 14 16.1 2.0 4.6 0.6 
100 147 274 42.1 5.3 12.0 1.5 
60 294 0 29.4 3.7 8.4 1.0 
100 294 44 33.8 4.2 9.7 1.2 
soybeans, respectively, are required each year to pay for 
that P application. Any greater increase in yield than this 
over the check will be a direct profit. The greatest yield 
increases are needed when this available soil P level is 
obtained by either applying 294 kg of P initially or just 
reasonable amounts each year. Under these circumstances, 
the annual yield increase over the check should be above 
3.0 quintals of corn and 1.0 quintal of soybeans to pay 
for that P application. 
For the 100 kg of available soil P level, the best 
choice is to apply 294 kg of P initially and then small 
amounts of P each year. With this option, an increase of 
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4.2 and 1.2 quintals of corn and soybeans, respectively, 
over the check are required to pay for the P application. 
For this available soil P level, the most costly way to 
obtain it is to apply no P initially and approximately 70 
kg of P annually. 
One advantage of P applications that include an initial 
amount of P plus annual P applications is that the yield 
increase required to pay for the P application will decrease 
over time. For treatments that include a P application 
each year, the yield increase required to pay for the P will 
be about the same for all years. 
Variance Size and Soil Sample Number in the 
Determination of Available Soil P 
The results of the regression models of available soil 
P as a function of time resulted in a lack of significance 
2 
of the regression coefficients and low R values although 
observations of the raw data showed clear tendencies of 
increasing or decreasing available soil P over time. Another 
common observation was the existence of larger mean square 
errors in the analyses of variance for available soil P 
during the first year of the study (Tables 27 and 28) . 
The variability in available soil P for one treatment over 
time is illustrated in Figure 2. The data suggest a large 
variability in the first year with extreme values of 40 
1 3 0  
1 2 0  
•H O CO m 
Xi 
i-H 0^ 
60-•H 
7 5  7 6  7  7  7  8  7  9  8  0  8 1  8  2  
Year 
Figure 2. Variability observed in available soil P determinations for the P^Pg 
treatment 
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to 125 kg P per ha giving an average of 85 kg P per ha. 
In the second year, the variability decreased as the average 
available soil P decreased. The tendency is to maintain 
a certain level of available soil P and to decrease the 
variability. Although Figure 2 is for just one treatment, 
data for other treatments indicate the same tendency, i.e., 
largest variances in the first year and a decrease from 
the second year on. This situation has been observed in 
other work (Spratt et al., 1980). 
Because of the change in the variability in the avail­
able soil P determinations over time, this section presents 
information related to the variance of soil P determinations, 
the number of samples required to estimate the available 
soil P within certain limits according to variance size, 
and practical ways to handle the problem of different 
variances. 
Variance of soil P determinations 
The analyses of the values of available soil P show 
that is is possible to take the average of six replications 
as an estimate of soil P for each year for each treatment 
resulting in 96 observations of available soil P (12 treat­
ments and eight years). Variances calculated according 
to standard statistical procedures for each year for each 
treatment are given in Table 79. The data show that there 
Table 79. Variance of soil P determinations for each treatment for each year 
Treat- Year 
ment . 75 76 77 78 79 80 81 82 
Po^o 166 .42 52.89 57.03 44.36 20.40 3.89 51.39 20.78 
^0^11 198 .20 88.64 85.68 16.27 40.48 28.93 20.45 72.96 
^0^22 222 .61 254.60 263.76 118.42 62.93 186.36 213.46 101.69 
^0^33 136 .69 131.17 115.74 126.95 132.97 117.24 111.60 148.02 
^1^0 814 .23 364.11 198.40 91.70 93.83 135.81 114.61 181.34 
PlPll 945 .15 186.65 489.09 147.02 121.63 187.37 216.63 330.66 
^1^22 219 .48 96.67 72.46 181.14 189.50 102.57 242.22 66.56 
^1^33 1945 .50 119.42 324.35 329.36 60.21 170.47 157.76 68.95 
P2P0 818 .08 729.94 288.51 473.54 159.27 93.16 199.70 242.68 
^2^11 3069 .47 256.11 168.93 544.62 139.20 119.75 226.29 212.24 
^2^22 846 .68 120.76 181.85 70. 62 125.15 67.95 46.50 58.04 
^2^33 3076 .29 332.54 592.58 248.08 41.14 129.79 432.73 53.01 
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is more variability for almost any treatment combination 
during the first year than for succeeding years. The magni­
tude in the variance increases proportionately to the three 
initial P levels created by large initial applications of 
fertilizer P. It is of interest to note that the values 
of the variances for the treatments with the highest initial 
P levels, besides being the highest, show great variability 
within any given year and from year to year for the same 
treatment combination although the general tendency is to 
decrease with time. 
The statistical variability in the variances was tested 
by means of Bartlett's test, which determines whether the 
variances are homogeneous (Steel and Torrie, 1980). The 
results of this test for each treatment show that the vari­
ances for PQPQ' ^ 0^11' ^ 1^0' ^ 1^33' ^ 2^11' ^ 2^22' ^2^33 
are statistically different, but for all the other treat­
ments they can be considered as homogeneous (Table 80). 
The test performed for the 96 variances shows that they are 
not homogeneous. 
Although the variances are different, the test does 
not indicate which ones are different and what factors are 
influencing the variability. However, it is clear that 
initial P levels influence the variability and that the 
variability decreases over time. An explanation of the 
variability is because of the incomplete initial mixing of 
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Table 80. Bartlett's test for homogeneity of variances in 
each treatment and for total observations for 
available soil P 
Treatment 
Variances 
considered 
in the 
comparison 
Corrected 
x2 
^0^0 8 13.57++ 
^0^11 8 11.50+ 
^0^22 8 3.69 
^0^33 8 0.19 
^1^0 8 11.02+ 
Vll 8 8.43 
^1^22 8 4.25 
^1^33 8 27.99** 
^2^0 8 8.97 
^2^11 8 25.84** 
^2^22 8 18.97** 
^2^33 8 32.71** 
Total 96 266.57** 
the P with the soil by tillage operations, and over time 
the P becomes more uniformly distributed in the tillage 
zone and the equilibrium of P in the soil is more uniform 
resulting in less variability over time. 
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Soil sample number 
The variability of available soil P has practical impli­
cations for the number of samples required to estimate the 
mean available soil P. As the variability increases, the 
number of samples required to estimate the available soil 
P within certain limits increases also. The basic numerical 
relationship between sample number, variance, and confidence 
interval is given by the following formula: 
( d / 2 ) '  
2 
where n is the sample number; t^ is the tabulated t value 
for the desired confidence level and the degrees of freedom 
2 
of the initial sample (==0.05); is the value of the vari­
ance calculated from the initial sample; and d/2 is the 
half-width of the desired confidence interval that gives 
the total number of observations required (Steel and Torrie, 
1980). The numbers of samples required to obtain estimates 
of the mean available soil P within a confidence interval 
of 10, 20, 30, and 40 kg are shown in Tables 81, 82, 83, 
and 84. The influence of years and of initial P levels on 
sample size is clear for all confidence intervals. Large 
sample sizes are required during the first years and for 
the highest initial P level for all confidence intervals. 
The number of required samples decreases over time and in 
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Table 81. Number of samples required for available soil P 
determinations for a confidence interval of 10 
kg P per ha 
Treat- Year 
ment 75 76 77 78 79 80 81 82 
^0^0 43 14 15 12 5 1 13 5 
^0^11 52 23 22 4 11 8 5 19 
^0^22 58 66 69 31 16 48 55 26 
^0^33 36 34 30 33 35 30 29 38 
^1^0 212 95 52 24 24 35 30 47 
Vll 246 49 127 38 32 49 56 86 
^1^22 57 25 19 47 49 27 63 17 
P1P33 272 31 84 87 16 44 41 18 
^2^0 213 190 75 123 41 24 52 63 
^2^11 798 67 44 142 36 31 59 55 
^2^22 220 31 47 18 33 18 12 15 
^2^33 800 86 154 65 11 34 113 14 
Average 251 59 62 52 26 29 44 34 
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Table 82. Number of samples required for available soil P 
determinations for a confidence interval of 20 
kg P per ha 
Treat- Year 
ment 75 76 77 78 79 80 81 82 
PoPo 11 3 4 3 1 1 3 1 
^0^11 13 6 6 1 3 2 1 5 
^0^22 15 17 17 8 4 12 14 7 
^0^33 9 9 8 8 9 8 7 10 
^1^0 53 24 13 6 6 9 8 12 
^1^11 62 12 32 9 8 12 14 21 
P1P22 14 6 5 12 12 7 16 4 
P1P33 68 8 21 22 4 11 10 4 
P2P0 53 48 19 31 10 6 13 16 
^2^11 200 17 11 36 9 8 15 14 
^2^22 55 8 12 4 8 4 3 4 
^2^33 200 21 39 16 3 9 28 3 
rerage 63 15 16 13 6 7 11 8 
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Table 83. Number of samples required for available soil P 
determinations for a confidence interval of 30 
kg P per ha 
Treat- Year 
ment 75 76 77 78 79 80 81 82 
Po^o 5 1 2 1 1 1 1 1 
Vil 6 3 3 1 1 1 1 2 
^0^22 7 8 8 4 2 5 6 3 
^0^33 4 4 4 4 4 4 3 4 
Pl^O 24 11 6 3 3 4 4 5 
^1^11 28 5 14 4 4 5 6 9 
^1^22 6 3 2 5 5 3 7 2 
^1^33 30 4 9 10 2 5 4 2 
^2^0 24 21 8 14 4 3 6 7 
^2^11 89 8 5 16 4 4 7 6 
^2^22 24 4 5 2 4 2 1 2 
^2^33 89 9 17 7 1 4 12 1 
Average 28 7 7 6 3 3 5 4 
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Table 84. Number of samples required for available soil P 
determinations for a confidence interval of 40 
kg P per ha 
Treat- Year 
ment 75 76 77 78 79 80 81 82 
3 1 1 1 1 1 1 1 
^0^11 3 1 1 1 1 1 1 1 
^0^22 4 4 4 2 1 3 3 2 
^0^33 2 2 2 2 2 2 2 2 
13 6 3 1 1 2 2 3 
PlPll 16 3 8 2 2 3 3 5 
^1^22 3 1 1 3 3 2 4 1 
^1^33 17 2 5 6 1 3 2 1 
^2^0 13 12 5 8 2 1 3 4 
^2^11 50 4 3 9 2 2 4 3 
^2^22 14 2 3 1 2 1 1 1 
^2^33 50 5 10 4 1 2 7 1 
Average 16 4 4 3 2 2 3 2 
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the latter years the difference among sample sizes is at a 
minimum. Similarities in the average sample sizes for years 
can be grouped into three clusters for all confidence 
intervals. The first cluster corresponds to the first year; 
a second cluster consists of years 76, 77, and 78; and the 
third cluster consists of the last four years, 79, 80, 81, 
and 82. These three clusters reflect the relationships 
according to variance size. For a confidence interval of 
10 kg, i.e., mean available soil P ±5 kg, the required sample 
size is excessively large, especially for the first year. 
Although the sample size is smaller for other years, it 
is still excessive. For a confidence interval of 20 kg, 
i.e., mean available soil P ±10 kg, the required sample 
size is excessive the first year, intermediate for years 
76, 77, and 78, and similar to those taken in the experiment 
for years 79, 80, 81, and 82. The relationship between 
confidence interval and the sample size is not a linear 
relationship. An increase in the confidence interval of 
100%, i.e., 10 to 20 kg, decreases the sample size to one 
fourth of the initial sample size, e.g., 251 to 63, 59 to 
15, etc. 
When the confidence interval is increased to d=30, 
the sample size decreases to half the number required when 
d=20. In this case, the average sample size for the first 
year is quite excessive. For the other years, however. 
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the sample size is reasonable and is close to the number 
of samples taken each year for this experimentation. 
For a confidence interval of 40, the sample size is 
excessive the first year and is greatly reduced for the 
other years. A comparison between Tables 81 and 84 shows 
that an increase of the confidence interval of four times, 
i.e., 10 to 40, decreases the sample size one sixteenth, 
e.g., 251 to 16, 59 to 4, 62 to 4, ..., 34 to 2, etc. This 
relationship shows the compromise that occurs between sample 
size and the precision obtained. A decrease in the sample 
size does not linearly decrease the confidence interval. 
There are several approaches to optimize the sample size 
by taking into account the cost of sampling, the limita­
tions in capital, and the precision required (Cochran, 1963) . 
The precision obtained, i.e., the value of the confi­
dence interval for available soil P when the sample size 
is equal to 6, which is the sample taken in this experiment, 
is shown in Table 85. The data show tendencies already 
observed, such as the value of the confidence interval 
increases as the initial P level increases. This increase 
in the confidence interval is more marked in the first 
year than in succeeding years. There is a decrease in the 
size of the confidence intervals over time and they tend 
to group into three clusters according to size. The clusters 
by years are identical to those for sample size. The 
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Table 85. Values of the confidence interval for sample size 
of n=6 
Treat- Year 
ment 75 76 77 78 79 80 81 82 
^0^0 27 15 16 14 9 4 15 10 
^0^11 30 20 19 - 8 13 11 9 18 
^0^22 31 34 34 23 17 29 31 21 
^0^33 25 24 23 24 24 23 22 26 
^1^0 60 40 30 20 20 24 22 28 
Pi?!! 65 29 46 25 23 29 31 38 
^1^22 31 21 18 28 29 21 33 17 
^1^33 68 23 38 38 16 27 26 17 
^2^0 60 57 36 46 27 20 30 33 
^2^11 116 34 27 49 25 23 32 31 
^2^22 61 23 28 18 23 17 14 16 
^2^33 116 38 51 33 13 24 44 15 
Average 58 30 31 27 20 21 26 23 
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confidence interval is largest for the first year, has an 
intermediate value in years 76, 77, and 78, and is smallest 
for the remaining four years. Thus, less precision exists 
in the first years, but it increases in the later years. 
The results of this section have practical implications 
in the process of soil sampling. Some of the implications 
are: (1) in field conditions high variability is expected 
in the available soil P during the first years after a large 
soil P application; (2) sampling designs for field experi­
ments should be worked out to take into account the vari­
ability of available soil P during the first years and to 
adjust the number of samples to be taken according to this 
variability; (3) when the same sample size is obtained from 
fields with different histories of past fertilization in 
nonexperimental conditions, different weights should be 
given to those determinations depending on the variability 
obtained; and (4) the required precision plus cost considera­
tions need to be included in defining soil sample size. 
Methods to manage variability in available soil P 
The variability of available soil P values and its 
implications for the precision obtained can be managed in 
different ways. Two methods will be presented to manage 
the situation. One approach consists of deleting obser­
vations with high variability (out lyers) and working with 
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observations within certain limits of expected variability. 
The second approach, called "weighted least squares," con­
sists of weighting the observations according to variance 
size, which results in observations with higher variances 
having less influence in any calculation than observations 
with smaller variances. 
The effect of deleting the observations from the first 
year because of their high variability on the regression 
statistics of a square root model for available soil P on 
time is shown in Table 86. The number of significant coef­
ficients was reduced when compared to those of Table 64 
where all the data were used. Only in two cases was the 
square root term significant and in four cases the linear 
term was significant. Under these circumstances, few infer­
ences can be made about the predictability of the regression 
2 2 
model. The R values also were smaller than the R values 
obtained when all the observations were considered (Tables 
2 64 and 86). The decrease in the R values and the number 
of significant coefficients mean that although there is 
greater variability in available soil P during the first 
year, the contribution of the first year's observations to 
describe the general tendency of available soil P to decline 
over time is more important than the magnitude of the 
variation. Even with the large variability in the first 
year's observations, it is better to retain them because 
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Table 86. Regression statistics of the square root model for 
available soil P on time with data from 1975 
eliminated 
XiCCtU p 2 
ment Intercept (Year) ^ Year R 
^0^0 33.93** -0.98 -3.50 0.40 
^0^11 36.17** 0.15 -0.67 0.03 
^0^22 45.13** -8.64 4.66+ 0.08 
^0^33 49.66** -3.02 4.11+ 0.26 
^1^0 75.16** -17.66* 1.66 0.42 
^1^11 71.28** -5.42 0.21 0.06 
^1^22 91.67** -22.26** 7.81* 0.18 
^1^33 91.47** 5.67 0.03 0.11 
^2^0 125.56** -10.78 -4.94 0.55 
^2^11 124.57** -10.62 -2.02 0.41 
^2^22 130.29** 4.26 -4.17+ 0.21 
^2^33 141.48** -10.52 3.00 0.04 
they are important in defining the general tendency of the 
regression model. There were two square root terms signifi­
cant in this case compared to nine significant square root 
terms when all the observations were considered. There 
were four significant linear terms in this case and five 
significant linear terms when all observations were 
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considered. The value of the intercept for most of the 
treatments decreased when compared to the value of the 
intercept when all observations were considered as was 
2 
expected. Because of the decrease in the R values and 
in significance of the regression coefficients, it does 
not seem to be reasonable to drop observations simply be­
cause they have too much variability. 
The approach of weighted least squares requires some 
explanation. In the usual regression analysis, all the 
random error terms, Ei, have the same variance and it is 
assumed that it is constant. The data analyses show that 
the variance of the disturbance is not constant (Table 79), 
and in such circumstances the appropriate technique is not 
to use ordinary least squares but to use weighted least 
squares (Wonnacott and Wonnacott, 1979). Observations with 
large variability give a less precise indication than obser­
vations with low variability of where the true regression 
line lies. Therefore, it seems reasonable to give less 
weight to observations with large variability than to more 
precise observations. Weighted least squares provides a 
means of fitting a line by deflating the influence of the 
less precise observations. When the variation tends to be 
2 large (i.e., when is large), the weight used is relatively 
small and the unreliable observations are discounted in 
2 fitting the line. Because the use of a. for each 
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observation is awkward and there is uncertainty about the 
real value of the variance, it was decided to use years as 
a weight. Weighting by the number of years since the begin­
ning of the experiment provides a small weight to those 
values having a large variance and a large weight for those 
values having smaller variance. The results are shown in 
Table 87. 
The use of the weighted least squares requires the 
existence of no zero values in the weight variable and for 
this reason the code used was year-74 instead of using the 
previously used coded value of time as year-75. This gave 
a value of 1 for the 1975 data. The values of the inter­
cept reported in Table 87 represent the available soil P 
for 1974, a situation which did not exist in the field. 
The predictions of available soil P for 1975 are shown in 
Table 88. The number of square root terms that are signifi­
cant in weighted least squares is about the same as when 
using ordinary least squares (seven terms in the first 
case against nine terms in the latter). There are seven 
significant linear terms in weighted least squares compared 
to five significant linear terms for the ordinary least 
squares procedure. Because the linear term is giving the 
curvature of the model and that curvature is defined mainly 
by the observations of the latter years, more significant 
linear terms in weighted least squares than in ordinary 
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Table 87. Regression statistics for the square root model 
for available soil P, which was weighted by years, 
on time 
Treat­
ment 
Variates 
Intercept (Year)^ Year 
PoPo 65.49** -28.18* 4.33+ 
Vii 54.31** -17.39 3.58 
^0^22 71.92* -34.62 9.83+ 
^0^33 36.89+ 3.43 2.52 
^1^0 158.99** -83.81** 15.26* 
Pl^ll 144.97** -70.08++ 14.38+ 
^1^22 163.74** -80.66** 18.60** 
^1^33 128.67** -33.08 8.99 
^2^0 213.68** 
-69.40++ 6.57 
P2P1I 243.20** -103.15* 17.09++ 
^2^22 169.99** -25.02 2.08 
P2P33 231.16** -84.84* 17.91++ 
least squares gives evidence of the weight of the latter 
years in the weighted least squares procedure. 
There is no straightforward comparison of the two 
procedures; however, weighted least squares theoretically 
should provide a better fit than ordinary least squares 
if the weight variable is well-chosen. 
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Table 88. Estimated available soil P values for the years 
1975 and 1983 using ordinary least squares (OLS) 
and weighted least squares (WLS) 
Treat­ 75 83 
ment OLS WLS OLS WLS 
V o  41 42 18 20 
^0^11 38 41 32 34 
^0^22 44 47 53 57 
^0^33 40 43 69 70 
^1^0 84 90 37 45 
V l l  90 89 60 64 
^1^22 101 102 84 89 
P1P33 1 1 2  105 112 110 
^2^0 159 151 64 65 
^2^11 168 157 86 88 
^2^22 158 147 118 113 
^2^33 174 164 137 138 
A gross comparison was made between the two models by 
calculating the predicted values of available soil P for 
1975 and 1983 using the two models (Table 88). For 1975, 
the weighted least squares procedure predicted lower avail­
able soil P values than ordinary least squares for all 
treatments of the highest initial P level (PgPQ, ^ 2^11' 
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'^2^22' ^2^33^ ' These treatments also had the highest 
variances for available soil P. For 1983, all the estimates 
are in close agreement except for treatment The 
general tendency in 1983, however, was to have smaller 
values of available soil P using ordinary least squares 
than using weighted least squares. 
Information not shown indicates that the differences 
between predicted and observed values is less for weighted 
least squares than for ordinary least squares. A problem 
in using weighted least squares is to choose the right 
variable to be used as the weight. From the data, it is 
clear that the use of the same weight for all treatments 
is not the best choice, and even for some treatments, e.g., 
treatment P^P^^, the use of a weight variable should not be 
used because the variability in available soil P is the 
same (Tables 79 and 80). For other treatments, the weight 
should not be linear but should be curvilinear over time. 
The variance of available soil P appears to decrease 
exponentially over time. The best weight, however, is the 
use of the variances. 
The variability in available soil P values needs to 
be considered in defining the soil sample size, and the 
use of some procedure should be considered to take into 
account the variability in available soil P in calculating 
any functional relationship. The least efficient way to 
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cope with this problem is to delete the observations with 
more variability than expected. 
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
Past research has shown that fertilizer P applied to 
a crop is not used completely during the growing season 
and that residual effects may exist in the following seasons. 
The availability of the residual P to plants is influenced 
by factors such as amount and source of fertilizer P, time 
elapsed since its application, kind of crop, physical and 
chemical soil characteristics, and weather variables, making 
the process of evaluating residual and current P effects a 
complex task. 
The objectives of this study were: (1) to evaluate 
the influence of three initial P levels created artificially 
and of four annual P applications on the yields and P con­
tent of the corn-soybean rotation, (2) to measure the evolu­
tion of the available soil P content as a consequence of 
the initial P levels and annual P applications, and (3) to 
assess in economic terms the influence of the initial P 
levels and annual P applications on corn and soybean yields 
and on the soil P content. 
Experimental data used in this study came from a field 
experiment conducted in central Iowa during the period 
1974-1982. The experiment was located at the Agronomy and 
Ag Engineering Research Center on a Nicollet-Webster soil 
complex (Aquic Hapludoll and Typic Haplaquoll). The experi­
mental site had variable soil conditions, making the 
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evaluation of the effects of residual and applied P less 
precise than it would have been on a more uniform soil. 
In the spring of 1974, applications of 0, 147, and 294 
kg P per ha were applied to create three initial levels of 
soil P. After the first year, each of the three levels 
was amended annually with applications of 0, 11, 22, and 33 
kg P per ha. The experimental design was a randomized com­
plete block design arranged in a split-plot; the main plots 
were the three initial P levels and the subplots were the 
four annual rates of P application. There were three repli­
cations each of corn and soybeans, which were grown on 
adjacent areas. The crops were rotated each year. 
The initial application of P was broadcast and disked 
into the soil in the spring before planting. The annual P 
applications were broadcast in the fall prior to plowing. 
Monocalcium phosphate was used for the initial and annual 
P applications. The amount of N applied to corn changed 
from year to year but ranged from 140 to 180 kg per ha. No 
N was applied to soybeans. Potassium was applied in the 
same amount of approximately 80 kg K per ha each year to 
all plots. Corn hybrids, soybean varieties, and planting 
dates changed from year to year. 
Corn leaf samples were taken when 75% of the plants 
had emerged silks. Grain samples were taken at maturity. 
Both leaf and grain samples were analyzed for total N, P, 
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and K contents according to standard procedures (Hanway, 
1962; Jackson, 1964; Bremner and Keeney, 1965; Nelson and 
Sommers, 1973). Corn yields were determined at 15.5% grain 
moisture. Soybean yields were determined at harvest moisture. 
Prior to each annual P application in the fall, soil samples 
were taken from the 0- to 15-cm layer of the four center 
rows of each plot. Available P, available K, and soil pH 
were determined on these samples according to the standard 
methods of the Soil Testing Laboratory at Iowa State Uni­
versity (Hanway and Eik, 1973) . A moisture stress index 
for corn developed by Dale and Shaw (1965) and modified by 
Shaw (1974) was calculated for each year. This index con­
siders as main variables in the calculations: available 
soil moisture, atmospheric demand for water, and stage of 
crop development. 
Preliminary Analyses of the Data 
Analyses of variance were performed to measure the 
influence of initial P levels and annual P applications 
on some selected data. 
The analyses of variance for the yield data show that 
initial P levels or annual P applications did not consis­
tently affect crop yields. The use of different covariates 
to improve the comparisons among crop yields within any 
given year did not improve such comparisons. A combined 
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analysis of variance over years indicates that yields dif­
fered from year to year. 
Phosphorus content in the leaves and in the grain of 
corn were influenced significantly and positively by both 
initial P levels and annual P applications. This influence 
was modified by the value of the moisture stress index. 
Years with a low moisture stress index showed more response 
to P applications than years with a higher moisture stress 
index. A combined analysis of variance over years for P 
content in the grain indicated that initial P levels and 
annual P applications were the only factors measured that 
influenced this variable for corn; however, for soybean 
grain there were other significant variables indicating a 
stronger influence of the treatments on P content in this 
crop or a greater precision for both factors. The analyses 
of variance for P removed by the grain showed similar find­
ings to those observed for the percent of P in the grain. 
Available soil P, which was determined by soil test, 
was strongly influenced by initial and annual P applications, 
but this influence was affected by the time elapsed since 
the initial application. During the first year, the annual 
P application had no effect though the initial applica­
tion did. In subsequent years, both P applications had 
similar effects; the greater the initial or annual rate of 
P application, the greater was the amount of available 
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soil P. The effects of initial and annual P applications 
were independent. 
The crop grown did not have any influence on the amount 
of available soil P present in the soil after the cropping 
season, but years, initial P levels, annual P applications, 
and interactions of these factors were significant in explain­
ing available soil P variability. 
Measurements of Residual and Annual P Effects 
Yields were regressed on (a) the rate of P application, 
(b) available P in the fall after harvest, and (c) available 
P before the cropping season. The common features of these 
2 
models were low R values, nonsignificance of the regression 
coefficients, and signs inconsistent with agronomic 
experience, 
A regression equation of yields on the moisture stress 
index and values of available soil P showed an intermediate 
2 
value of R of 0.52 for corn and 0.41 for soybean when the 
data from 1975 were deleted. The signs of the regression 
coefficients indicated a positive effect of available P, a 
negative effect of moisture stress, and a negative 
interaction between available soil P and the moisture 
stress index. The positive effect of available soil P was 
at a decreasing rate, but the influence of available 
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soil P on crop yields was not of the magnitude expected. 
Possible explanations for the small yield response are: 
(a) the presence of unmeasured factors influencing yield and 
yield response, (b) hybrids and varieties adapted to condi­
tions of low available soil P, (c) the corn-soybean rotation 
affected soil conditions that favorably influenced available 
soil P, (d) the chemical test did not accurately measure the 
available soil P in this soil, and (e) the inherent soil P 
level of available soil P was high enough for the yields 
obtained. 
Regression equations of percent of P in the grain on 
initial and annual P applications indicated that both terms 
were significant. The influence of annually applied P 
increased over time as a consequence of a cumulative effect. 
The total P extracted by corn and soybeans was affected 
by the P application. More P was extracted in the treat­
ments with the highest amount of applied P regardless of 
the time of application. The efficiency of P removal by 
the grain declined as the rate of P application increased. 
On the average, less than 10% of total applied P was recovered 
by the grain. 
Regression equations of available soil P on initial 
and annual P applications were calculated. The regression 
coefficients were significant and positive for all years. 
2 The R values were above 0.75. The influence of initial 
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and annual P applications decreased and increased, respec­
tively, with time. From the regression equation of avail­
able soil P on initial and annual P applications, the amount 
of P required to maintain three P levels in the soil was 
calculated. The values obtained generally were higher than 
the values of P recovered by the grain. Application of P 
in amounts similar to those recovered by the grain caused 
a decrease in the initial level of soil P. These data sup­
port the idea that a maintenance amount of fertilizer P must 
be greater than the amount of P removed by the harvested 
portion of the crop, and it depends on the initial fertility 
level and processes going on in the soil. 
The cumulative and residual effects of applied P on 
the amount of P available in the soil were calculated accord­
ing to McClelland (1968). The cumulative effect increased 
as the rate of P applied annually increased at each initial 
P level. The residual effect increased as the rate of 
initially applied P increased, but the effect decreased 
over time. 
Because the annual applications of P affected avail­
able soil P differently within each initial P level, avail­
able soil P was regressed on time for each treatment. The 
square root model and the quadratic model were used. The 
rate of change of available P over time, the number of years 
required to reach a rate of change equal to zero, and the 
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amount of available soil P at a rate of change equal to 
zero were calculated. 
During the first year, available soil P decreased for 
most of the treatment combinations. Over time, the rate 
of decrease in available P slowed, and for the last year 
available P was increasing for most of the treatments. 
The rate of decrease in available P was increased by 
an increase in the level of P applied initially, decreased 
by the rate of annual P application, and decreased over 
years. The number of years required to obtain a rate of 
change equal to zero (equilibrium point) was influenced by 
the initial and annual applications of P. As the initial 
level of P increased, more time was required to obtain a 
minimum available P level; as the rate of annual P applica­
tion increased, the time required decreased. The available 
P at the minimum point was influenced positively by the 
initial P levels and by the annual P applications. 
Available P was regressed on the initial and annual P 
applications, soil pH, and time. The signs of the coef­
ficients were consistent with agronomic experience and the 
was 0.83. 
This general equation of available soil P and the 
square root and the quadratic models previously mentioned 
were evaluated for their ability to predict available soil 
P in 1983. The predicted values from these models were 
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compared to the real values of available soil P obtained 
from the chemical test of the soil. The criteria used to 
evaluate the models were bias, relative bias, standard devi­
ation and correlation coefficients as proposed by Wilson 
and Sebaugh (1981) . According to these criteria, the best 
model was the square root. 
Economic Analyses 
The value of 0 (carry-over function) indicated that 
76% of the P present in the soil and the same proportion 
of fertilizer applied was carried over from one growing 
season to another. The value of A (proportionality factor) 
indicated that one kg of available soil P determined by the 
soil test is equivalent to 1.18 kg of fertilizer P per ha. 
Because the effect of the treatments on yields was 
inconsistent, it was impossible to obtain a good economic 
analysis. This was so for the continuous method using 
available soil P as a measure of current and residual P 
and for the discrete method considering discounted and 
undiscounted values. 
The yield increase, relative to the treatment that 
received no P applications, required to pay for a P appli­
cation depended on the amount of P applied. There was an 
advantage for the treatments with initial P applications 
because the yield required to pay for the P application 
will decrease with time. 
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To maintain a desired available soil P level, the annual 
application of P increased as the desired available soil P 
level increased and/or the initial P application decreased. 
There were differences in the yield increase required to pay 
for the cost of the maintenance of different levels of avail­
able P in the soil. An inexpensive way to obtain any level 
of available soil P was to apply enough P to raise the soil 
P level and then maintain that level by annual P applications. 
Variance Size and Soil Sample Number 
The regression models of available soil P as a function 
of time show a lack of significance of the regression coef-
2 ficients and low R values, although observations of the 
raw data showed clear tendencies of increasing or decreasing 
available soil P over time. Examination of the data indi­
cated a higher variability for available soil P in the 
first years, and a decrease in this variability in the 
later years. Bartlett's test was used to test the homo­
geneity of variances, and the variances were not homogenous. 
Initial P levels and time influence the variability in P 
determinations. 
Different sample sizes were calculated to estimate 
the mean available soil P within different confidence 
intervals. The sample size increased as the initial P 
levels increased and as the confidence interval decreased. 
The sample size decreased over time. 
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The deletion of observations from 1975 did not improve 
the regression equation of available soil P on time as indi-
2 
cated by the R values and the significance of the 
coefficients. The use of weighted least squares, in which 
the observations were weighted by years, improved the regres­
sion equations of available soil P on time as indicated by 
the number of significant terms. 
Conclusions 
The general conclusions are based on the objectives of 
this study. 
1. There was no consistent and significant effects 
of the initial P levels and annual P applications 
on the crop yields. The variability in yield from 
year to year was explained by differences in the 
moisture stress index. 
2. The P content of corn leaves, the P content of 
grain, and the P removed by the grain were affected 
positively by initial P levels and annual P appli­
cations. Moisture stress influenced the response 
to initial and annual P applications. 
3. Available soil P was strongly influenced by the 
initial and annual P applications. As the amounts 
for either time of application were increased, the 
available P in the soil increased in any given year. 
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The rate of decrease or increase of available soil 
P through time was related to the initial and annual 
P applications. As the amount of P initially 
applied was increased, the rate of decline in avail­
able P increased; but it was slowed by increases 
in the amount of P applied annually. For the 
treatment with the lowest initial level of P and 
the greatest annual P application, there was a 
tendency for available soil P to increase over time. 
The yield data obtained did not permit a reliable 
economic analysis; however, the annual yield increase 
over the zero P treatment, which was required to 
pay for the P applications in the experiment, 
varied from 1.10 to 6.98 quintals per ha for corn 
and from 0.31 to 1.99 quintals per ha for soybeans. 
The yield increase required to pay for the cost of 
the maintenance of a certain level of available P 
is related to the desired soil P level and to the 
initial amount of fertilizer P applied. The best 
option was to apply enough P to raise the soil P 
level to the desired level and then maintain that 
level by annual P applications. 
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Recommendations 
Some recommendations that may help future research of 
this kind or that can be considered in the same experiment 
that is reported on in this study are; 
1. The spatial variability of soil characteristics 
and the relationship with crop yields should be 
determined by a detailed mapping of the experimental 
site. 
2. A complete balance of losses and additions of P 
(P extracted by the crop, P cycled through crop 
residues and organic matter, P lost by erosion, 
added fertilizer P, etc.) should be measured at 
the plot level. 
3. Experiments under controlled conditions consider­
ing several variables should be conducted to under­
stand possible causes of the lack of a relationship 
between yield and residual and current P. 
4. Soil analyses prior to planting and during different 
stages of plant growth would be helpful in estab­
lishing precise relationships between available 
soil P and crop yields. 
5. Finally, to obtain a better measurement of residual 
P, some changes in the layout of the experiment 
should be considered. 
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APPENDIX 
Table Al. Values of crop yields, soil analyses, leaf analy­
ses, grain analyses, P removed by the grain, plant 
density, and barren plants for each plot 
Treat- Soil analyses Leaf analyses 
ment Yield P K pH N P K 
qtl/ha kg/ha-
Corn 1975 
Replication 1 
o
 
o
 110. 99 22 .40 92. 96 5 .90 2.99 0.258 1.80 
Po?!! 90. 86 33 .60 106. 40 5 .82 2.99 0.256 1.97 
^0^22 100. 20 33 .60 116. 48 5 .65 2.81 0.250 2.10 
^0^33 108. 06 28 .00 99. 68 5 .75 3.21 0.277 1.92 
Pl^O 105. 36 94 .08 120. 96 5 .65 2.91 0.279 2.05 
^1^11 93. 66 70 .56 116. 48 6 .10 2.97 0.275 2.07 
^1^22 99. 96 92 .96 98. 56 5 .62 2.94 0.287 2.07 
^1^33 81. 41 92 .96 117. 60 5 .62 3.17 0.293 2.07 
P2P0 101. 23 168 .00 95. 20 5 .95 2.82 0.340 1.87 
Vil 108. 13 162 .40 97. 44 6 .17 2.85 0.344 1.80 
to
 
to
 
to
 107. 94 148 .96 99. 68 6 .20 2.82 0.346 1.85 
P„Pt,  101. 16 142 .24 96. 32 6 .12 2.93 0.371 1.90 
Replication 2 
0^0 104.27 52.64 110.88 6.90 3.35 0.279 1.85 
0^11 102.52 26.88 104.16 5.80 2.97 0.258 2.05 
0
 
to
 
to
 95.59 26.88 90.72 5.75 2.94 0.268 1.90 
0^33 99.24 41.44 118.72 6.60 3.13 0.283 2.10 
1^0 103.44 125.44 92.96 7.27 2.89 0.283 1.75 
1^11 97.99 89.60 98.56 7.42 2.85 0.285 1.75 
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N 
Grain analyses 
K 
P Plant Barren 
removed density plants 
kg/ha plts/ha 
1.32 0.270 0.35 29.97 55971 1614 
1.40 0.314 0.41 28.53 52741 3766 
1.38 0.308 0.40 30.86 57584 3766 
1.34 0.269 0.37 29.07 54893 1075 
1.37 0.264 0.33 27.82 58662 3766 
1.38 0.306 0.37 28.66 50589 3766 
1.32 0.299 0.37 29.89 52741 2691 
1.31 0.308 0.39 25.08 49511 5382 
1.42 0.388 0.46 39.28 52741 2691 
1.33 0.328 0.41 35.47 52741 2691 
1,36 0.351 0.41 37.89 61891 5382 
1.32 0.295 0.37 29.84 58662 3227 
1.42 
1.31 
1.37 
1.40 
1.25 
1.32 
0.334 
0.297 
0.298 
0.304 
0.300 
0.336 
0,41 
0.36 
0.37 
0.37 
0.37 
0.40 
34.83 
30.45 
28.49 
30.16 
31.03 
32.93 
56509 
63505 
56509 
53818 
54355 
54355 
3766 
1618 
2691 
2691 
2691 
3766 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K pH N P K 
qtl/ha kg/ha % 
P^Pgg 108.94 95.20 82.88 6.10 2.89 0.293 1.82 
P^Pgg 99.03 155.68 91.84 6.27 2.94 0.321 1.77 
PgPg 85.82 168.00 101.92 5.90 2.88 0.323 1.87 
PgPii 91.74 154.56 89.60 6.60 2.94 0.309 1.90 
P2P22 97.49 200.48 105.28 6.35 2.92 0.298 1.90 
P2P33 99.93 185.92 95.20 5.70 2.73 0.293 1.90 
Replication 3 
PqPQ 110.11 33.60 89.60 7.35 2.89 0.248 1.65 
PqPH 104.82 59.36 109.76 7.85 2.73 0.254 1.77 
PQP22 105.76 64.96 106.40 7.40 2.84 0.258 1.80 
PQP33 110.20 52.64 96.32 7.90 2.97 0.272 1.67 
P^Pq 103.57 89.60 104.16 7.77 2.54 0.269 1.90 
^1^11 94.70 140.00 97.44 7.80 2.72 0.274 1.70 
P^P22 97.87 125.44 95.20 6.42 2.85 0.289 2.02 
P^P33 98.33 82.88 84.00 6.70 2.92 0.299 1.70 
P2P0 108.39 155.68 92.96 6.62 3.05 0.325 1.97 
^2^11 107.29 107.52 92.96 6.55 2.86 0.321 2.02 
P2P22 101.13 137.76 107.52 7.60 3.07 0.327 1.87 
P2P33 83.64 154.56 103.04 7.35 2.85 0.301 1.97 
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Grain analyses P Plant Barren 
N P K removed density plants 
-kg/ha-
1.34 0.330 0.38 35.95 55971 2152 
1.38 0.340 0.39 33.67 48437 1614 
1.49 0.376 0.35 32.27 50589 3766 
1.32 0.284 0.33 26.05 53280 3227 
1.39 0.332 0.40 32.37 57046 3227 
1.39 0.376 0.42 37.57 56509 3227 
1.32 0.300 0.39 33.03 59200 • 1614 
1.22 0.281 0.37 29.46 48437 539 
1.34 0.331 0.42 35.01 51664 539 
1.28 0.299 0.37 32.95 55971 1614 
1.37 0.301 0.36 31.18 57046 539 
1.41 0.342 0.42 32.39 55432 1614 
1.25 0.273 0.34 26.72 58123 1614 
1.39 0.359 0.40 35.30 53280 0 
1.39 0.351 0.41 38.04 54355 1614 
1.29 0.334 0.41 35.83 55432 2152 
1.38 0.362 0.44 36.61 55971 1075 
1.41 0.362 0.42 30.28 51128 1614 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K PH 
qtl/ha — — — - kg/h( a 
Soybeans 1975 
Replication 1 
Po^o 25.36 50. ,40 218. 40 5.42 
^0^11 30.56 24. ,64 126. 56 5.70 
^0^22 22.34 52. 64 212. 80 5.55 
P0P33 26.36 53. 76 161. 28 5.50 
^1^0 27.90 59. 36 127. 68 5.75 
^1^11 27.26 91. 84 142. 24 5.65 
^1^22 26.22 80. 64 138. 88 5.47 
^1^33 24.71 84. 00 145. 60 5.37 
P2P0 24.71 112. 00 131. 04 5.47 
^2^11 25.44 148. 96 172. 48 5.45 
^2^22 24.99 123. 20 154. 56 5.60 
^2^33 26.44 136. 64 181. 44 5.55 
Replication 2 
^0^0 25. 92 32 0
0 151. 20 6. 07 
^0^11 34. 58 32 .48 153. 44 7. 15 
^0^22 30. 26 31 .36 120. 96 7. 22 
^0^33 26. 96 30 .24 143. 36 6. 20 
PL^O 27. 84 43 .68 114. 24 6. 15 
^1^11 27. 20 48 .16 123. 20 6. 25 
^1^22 29. 51 100 0
0 0
 
142. 24 7. 12 
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Grain analyses P Plant Barren 
N P K removed density plants 
-kg/ha- plts/ha-
5.33 0.482 1.80 12.23 
5.42 0.489 1.77 14.94 
5.14 0.500 1.80 11.17 
5.51 0.494 1.82 13.02 
5.25 0.495 1.72 13.81 
5.52 0.502 1.75 13.68 
5.30 0.476 1.77 12.48 
5.00 0.454 1.72 11.22 
5.08 0.476 1.72 11.76 
5.23 0.489 1.77 12.44 
5.59 0.524 1.80 13.09 
5.26 0.510 1.75 13.49 
5.58 0.489 
5.63 0.451 
5.75 0.476 
5.32 0.470 
5.56 0.510 
5.35 0.510 
5.62 0.465 
1.80 12.67 
1.70 15.60 
1.72 14.40 
1.72 12.67 
1.77 14.20 
1.72 13.87 
1.67 13.72 
Table Al. Continued 
Treat- Soil analyses 
ment Yield P K pH 
qtl/ha — -kg/ha 
P1P33 28.25 119 .84 135 .52 7 .40 
^2^0 29.26 150 .08 148 .96 6 .25 
^2^11 28.67 162 .40 163 .52 6 .17 
^2^22 24.41 183 .68 188 .16 6 .10 
^2^33 35.03 146 .72 136 .64 6 .95 
Replication 3 
Po^o 28.77 52 .64 151 .20 6 .77 
^0^11 21.97 51 .52 146 .72 6 .20 
^0^22 28.33 50 .40 133 .28 7 .70 
^0^33 22.58 30 .24 118 .72 6 .35 
33.30 81 .76 133 .28 6 .50 
Pl^ll 29.71 99 .68 131 .04 7 .75 
^1^22 30.88 101 .92 133 .28 7 .90 
P1P33 30.68 147 .84 157 .92 6 .20 
^2^0 21.41 199 .36 134 .40 6 .00 
^2^11 27.77 273 .28 165 .76 6 .70 
^2^22 23.37 168 .00 166 .88 6 .10 
^2^33 28.88 282 .24 155, .68 7 .00 
Corn 1976 
Replication 1 
Po^o 69.79 38, ,08 179, .20 5, .65 
Po^ll 92.75 30, .24 133, .28 5, .80 
Leaf analyses 
N K 
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Grain analyses P Plant Barren 
density plants N P K removed 
-kg/ha-
5.78 0.486 1.75 13.73 
5.81 0.527 1.77 15.42 
5.36 0.495 1.77 14.19 
5.58 0.497 1.80 12.13 
5.85 0.530 1.80 18.56 
-plts/ha-
5.64 0.460 
5.75 0.500 
5.30 0.434 
5.59 0.518 
5.51 0.463 
5.70 0.495 
5.66 0.524 
5.39 0.476 
5.73 0.486 
5.54 0.480 
5.53 0.470 
5.29 0.463 
1.72 13.23 
1.80 10.99 
1.65 12.29 
1.75 11.69 
1.72 15.42 
1.77 14.71 
1.75 16.18 
1.72 14.60 
1.75 10.40 
1.72 13.33 
1.72 10.98 
1.67 13.37 
55835 
57181 
6726 
3366 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K pH N P K 
qtl/ha kg/ha % 
^0^22 54.22 66 .08 248 .00 5 .60 
^0^33 68.58 60 .48 207, .20 5 .60 
Pl^O 89.85 57, .12 132, .16 5 .80 
PlPll 71.24 57, .12 152, ,32 5, .67 
^1^22 87.33 101. ,92 136. 64 5, ,55 
^1^33 80.13 92. ,96 169. ,12 5. ,52 
^2^0 72.36 137. ,76 153. ,44 5. 52 
^2^11 75.12 150. ,08 171. 36 5. ,60 
^2^22 74.03 117. 60 163. 52 5. ,65 
^2^33 61.01 171. 36 153. 44 5. ,80 
Replication 
PqPQ 74.02 
2 
29. 12 193. 76 5. 80 
^0^11 85.82 29. 12 128. 80 7. 22 
^0^22 87.72 38. 08 128. 80 7. 27 
^0^33 74.97 31. 36 142. 24 5. 70 
Pl^O 79.61 48. 16 128. 80 5. 85 
^1^11 78.89 57. 12 115. 36 5. 92 
^1^22 61.31 96. 32 171. 36 7. 20 
^1^33 69.59 87. 36 140. 00 7. 40 
P2P0 95.37 145. 60 176. 96 6. 90 
^2^11 72.27 118. 72 174. 92 5. 95 
^7^77  63.90 141. 12 168. 00 5. 70 
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Grain analyses 
K 
P 
removed 
Plant 
density 
Barren 
plants 
-kg/ha- plts/ha 
55835 8073 
54491 
60544 
52472 
57233 
55835 
53144 
55163 
55163 
55163 
8073 
10089 
4109 
2691 
3363 
3363 
5382 
5382 
10764 
57181 4707 
54491 5382 
54491 7398 
51800 4035 
51800 4707 
55163 8745 
53144 9417 
54491 8073 
55163 6726 
56509 13452 
55163 10089 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K pH N P K 
qtl/ha kg/ha % 
P2P33 75.44 134.40 147.84 7.17 
Replication 3 
^0^0 72.59 43 .68 136 .84 6.37 
^0^11 61.16 41 .40 157 .92 5.85 
^0^22 83.06 42 .56 136 .64 7.17 
^0^33 70.93 42 .56 133 .28 5.97 
^1^0 81.41 76 .16 163 .52 6.30 
^1^11 69.21 87 . 36 128 .80 7.42 
^1^22 85.44 73 .92 140 .00 7.62 
^1^33 63.24 98 .56 151 .20 6.00 
^2^0 38.79 147 .84 172 .48 5.80 
^2^11 63.10 125 .44 142 .24 6.57 
^2^22 49.31 124 .32 173 .60 5.82 
^2^33 75.37 123 .20 142 .24 6.80 
Soybeans 1976 
Replication 1 
^0^0 19.90 24, .64 151 .20 6.22 
^0^11 13.99 30, .24 198 .24 6.00 
^0^22 18.47 33, .60 192 .64 5.92 
^0^33 20.93 52. ,64 206 .08 5.97 
Pl^O 20.63 95. ,20 208, .32 5.85 
Pi P,, 17.66 58. 24 183. 68 5.85 
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N P K removed density plants 
% -kg/ha- plts/ha 
55163 12780 
57181 6054 
54491 4707 
54491 6054 
55835 7398 
56509 3363 
56509 8745 
57181 4707 
53144 9417 
55163 14127 
59872 12780 
56509 14127 
55163 7398 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K pH N P K 
qtl/ha kg/ha 
^1^22 20.69 96.32 197.12 5.85 
P1P33 17.27 76.16 208.32 5.77 
^2^0 18.43 115.36 151.20 6.15 
^2^11 19.16 100.80 143.36 6.25 
^2^22 19.58 135.52 166.88 6.35 
^2^33 19.24 128.80 253.12 6.22 
Replication 2 
^0^0 20.69 36.96 156.80 7.05 
Pcfii 20.79 28.00 153.40 6.07 
^0^22 18,53 25.76 173.60 6.12 
^0^33 20.55 48.16 212.80 6.80 
20.96 94.08 136.64 7.20 
^1^11 19.65 81.76 138.88 7.60 
^1^22 19.44 92.96 169.12 6.25 
^1^33 19.70 106.40 133.28 6.55 
17.23 76.16 143.36 6.12 
^2^11 18.05 128.80 161.28 6.77 
^2^22 21.01 124.32 209.44 6.75 
^2^33 21.36 142.24 187.04 6.02 
Replication 3 
Pcfo 20.42 28.00 110.88 7.25 
^0^11 17.51 51.52 183.68 7.87 
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N P K removed density plants 
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Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K PH 
qtl/ha — — — -kg/h. a 
^0^22 20.52 61 .60 135.52 7.45 
^0^33 19.90 61 .60 142.24 7.82 
^1^0 19.73 70 .56 163.52 7.77 
^1^11 18.22 71 .04 180.32 7.70 
^1^22 18.53 87 .36 170.24 6.57 
^1^33 19.61 82 .88 124.32 6.75 
P2P0 23.78 133 .28 141.12 6.87 
^2^11 22.07 120 .96 119.84 6.85 
^2^22 19.63 145 .60 228.48 7.80 
^2^33 16.92 156 .80 190.40 7.62 
Soybeans 1977^ 
Replication 1 
0
 
0
 39.20 183.68 5.70 
Vii 33.60 192.64 5.87 
^0^22 58.24 192.64 5.75 
P0P33 61.60 258.72 5.67 
PlPo 58.24 212.80 5.92 
^1^11 66.08 252.00 5.85 
^1^22 73.92 151.20 5.75 
P1P33 95.20 172.48 5.72 
^2^0 95.20 224.00 5.70 
^No yield data are reported because of extreme drought 
conditions. 
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Table Al. Continued 
Treat- Soil analyses 
ment Yield P K PH 
qtl/ha ————kg/ha————— 
^2^11 118.72 184.80 5.90 
^2^22 99.68 189.28 5.85 
^2^33 96.32 201.60 5.87 
Replication 
^0^0 
2 
28.00 286.72 5.97 
^0^11 39.20 188.16 7.55 
^0^22 35.84 181.44 7.60 
^0^33 40.32 190.40 6.02 
Pl^O 41.44 198.24 6.17 
Pl^ll 38.08 142.24 6.20 
^1^22 72.80 138.88 7.92 
^1^33 78.40 153.44 7.67 
P2P0 94.08 221.76 7.45 
^2^11 100.80 215.04 6.10 
^2^22 119.84 220.64 6.05 
^2^33 120.95 160.16 7.57 
Replication 
Po^o 
3 
40.32 212.80 6.82 
Pcfll 53.76 175.84 6.20 
^0^22 38.08 151.20 7.67 
^0^33 41.44 162.40 6.17 
^1^0 80.64 188.16 6.40 
N 
Leaf analyses 
K 
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Table Al. Continued 
Treat­
ment Yield 
Soil analyses 
K PH N 
Leaf analyses 
K 
qtl/ha kg/ha-
Vii 
^1^22 
^1^33 
^2^0 
^2^11 
^2^22 
^2^33 
100 
o
 
00 
148. 96 7 .77 
84 .00 140. 00 8 
o
 
o
 
131 .04 162. 40 6 .10 
133 .28 189. 28 6 
o
 
o
 
126 .56 151. 20 6 .67 
128 
o
 
CO 
183. 68 6 
o
 
o
 
135 .52 148. 96 6 .90 
Corn 1977 
Replication 1 
^0^0 
Vii 
^0^22 
^0^33 
^1^0 
^1^11 
^1^22 
^1^33 
^2^0 
^2^11 
^2^22 
^2^33 
21 
00 
136. 64 6 .17 
32 .48 160. 16 6 .02 
32 .48 157. 92 5 .90 
44 .80 151. 20 5 .95 
63 .84 193. 76 5 .82 
68 .32 175. 84 5 .85 
70 .56 146. 72 5 .80 
95 .20 156. 80 5 00
 
o
 
98 .56 141. 12 6 .25 
112 .00 126. 56 6 .25 
127 .68 145. 60 6 .40 
115 .36 140. 00 6 .42 
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Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K pH N P K 
qtl/ha —~-~~kg/ha————— ——————— 
Replication 2 
Po^o 31.36 165.76 7.12 
^0^11 31.36 148.96 5.97 
^0^22 26.88 161.28 6.17 
^0^33 62. 72 196.00 6.90 
^1^0 75.04 140.60 7.32 
^1^11 84.00 151.20 7.65 
^1^22 92.96 133.28 6.22 
P1P33 113.12 142.24 6.42 
P2P0 126.56 137.76 6.20 
^2^11 134.40 159.04 6.80 
^2^22 135.52 173.60 6.72 
^2^33 116.48 133.20 6.02 
Replication 3 
^0^0 
Vll 
^0^22 
^0^33 
Pl^O 
^1^11 
^1^22 
^1^33 
25. 76 140. 00 7. 50 
00 
16 163. 52 8. 05 
68. 32 161. 28 7. 35 
60. 48 154. 56 8. 05 
1—I r^ 
68 160. 16 7. 85 
00 
60 169. 12 7. 90 
81. 76 140. 00 6. 70 
99. 68 138. 88 6. 90 
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Table Al. Continued 
Treat­ Soil analyi ses Leaf analyses 
ment Yield P K PH N P K 
qtl/ha Jvy/na.""— 
^2^0 104.16 164.64 6.87 
^2^11 104.16 157.92 6.97 
^2^22 135.52 175.84 7.85 
^2^33 168.00 187.04 7.62 
Corn 1978 
Replication 1 
= 0=0 100.39 24.64 183.68 5.50 3, 10 0 .311 2. 54 
^0^11 99.38 33.60 187.04 5.85 3. 28 0 .331 2. 52 
^0^22 101.96 33.60 170.24 5.77 3. 09 0 .314 2. 57 
^0^33 107.67 63.84 208.32 5.62 3. 03 0 .318 2. 74 
PjPo 105.03 47.04 159.04 6.25 3. 05 0 .319 2. 40 
Pl^ll 105.09 59.36 165.76 5.82 3. 05 0 .319 2. 42 
^1^22 106.73 72.80 191.52 5.62 3. 24 0 .352 2. 66 
^1^33 107.92 88.48 165.76 5.60 3. 07 0 .333 2. 41 
^2^0 106.54 64.96 175.84 5.65 3. 11 0 .346 2. 55 
^2^11 104.91 80.64 194.88 5.57 3. 10 0 .349 2. 31 
^2^22 110.43 122.08 181.44 6.05 3. 26 0 .361 2. 43 
^2^33 105.22 141.12 196.00 5.97 3. 04 0 .346 2. 52 
Replication 2 
^0^0 106.16 20.16 197.12 6.02 3. 16 0 .320 2. 55 
Po^ii 108.92 31.36 173.60 7.27 3. 05 0 .320 2. 01 
^0^22 101.83 39.20 163.52 7.27 2. 99 0 .334 1. 90 
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Grain analyses P 
removed 
Plant Barren 
density plants N P K 
% -kg/ha- plts/ha 
53146 
51800 
55837 
51800 
55163 
55163 
55163 
53146 
55837 
52472 
53146 
53818 
54491 
57854 
52472 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K PH N P K 
qtl/ha ———— Ky/na————— 
^0^33 107.42 39.20 172.48 5.92 3 .05 0. 321 2 .32 
Pl^O 108.17 35.84 163.52 6.15 3 .12 0. 319 2 .32 
Pl^ll 106.66 38.08 134.40 6.20 3 .08 0. 326 2 .26 
^1^22 101.01 75.04 190.40 7.50 3 .07 0. 270 1 .91 
^1^33 102.21 72.80 155.68 7.40 2 .97 0. 345 2 .37 
P2P0 104.28 116.48 192.64 6.90 3 .04 0. 378 2 .36 
^2^11 107.29 92.96 213.92 5.85 3 .23 0. 360 2 .52 
^2^22 107.35 144.48 215.04 5.87 3 .08 0. 357 2 .49 
^2^33 105.16 147.84 173.60 7.67 2 .98 0. 427 2 .02 
Replication 3 
^0^11 
^0^22 
P0P33 
Pi?!! 
^1^22 
^1^33 
^2^0 
^2^11 
^2^22 
^2^33 
104.84 
102.83 
104.53 
103.84 
108.23 
109.11 
103.52 
101.39 
105.60 
105.47 
104.72 
105.66 
31.36 
41.44 
32.48 
40.32 
59.36 
62.72 
44.80 
116.48 
92.96 
75.04 
136.64 
119.84 
164.64 
2 0 6 . 0 8  
137.76 
137.76 
160.16 
157.92 
1 2 8 . 8 0  
160.16 
174.72 
155.68 
172.48 
173.60 
6.75 
5.92 
7.57 
6 . 2 0  
6 . 6 2  
7.75 
8 . 0 0  
6 . 2 2  
6 . 1 2  
6.75 
6 . 0 8  
7.15 
2.98 
3.02 
2.95 
3.04 
3.08 
2.73 
2.89 
2.87 
2.89 
2.91 
2 . 8 6  
2.78 
0.310 
0.309 
0.325 
0.325 
0.338 
0.354 
0.334 
0.356 
0.354 
0.419 
0.360 
0.478 
2 . 1 2  
2.33 
2 . 0 6  
2 . 1 6  
2.45 
2 . 0 1  
1.96 
2.33 
2.34 
2 . 1 8  
2 . 2 2  
2 . 2 0  
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54491 
51128 
53818 
51128 
53818 
50455 
54491 
52472 
53818 
55837 
56509 
52472 
53818 
53146 
55163 
53146 
49781 
54491 
53146 
53818 
57854 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K pH N P K 
qtl/ha kg/ha % 
Soybeans 1978 
Replication 1 
Vo 
30.84 26 .88 176.96 6.20 
Vii 28.73 
33 .60 184.80 5.95 
^0^22 30.59 40, .32 220.64 5.72 
^0^33 31.46 50, .40 166 .88 6.17 
^1^0 34.01 57. ,12 240.80 6.00 
^1^11 29.42 60. ,48 225.12 5.97 
^1^22 31.47 78. ,40 201.60 6.05 
^1^33 28.01 90. 72 262.08 5.72 
^2^0 32.19 89. 60 164.64 6.27 
^2^11 30.72 100. 80 148.96 6.35 
^2^22 29.12 128. 80 157.92 6.50 
^2^33 32.15 136. 64 190.40 6.25 
Replication 2 
Po^o 33.19 39. 20 248.00 7.05 
^0^11 31.62 31. 36 201.60 6.20 
^0^22 28.45 34. 72 206.08 6.27 
^0^33 33.53 64. 96 212.80 6.77 
PlPo 32.88 61. 60 170.24 7.27 
^1^11 36.38 71. 68 148.96 7.70 
^1^22 32.58 80. 64 157.92 6.30 
247 
Grain analyses P Plant Barren 
N P K removed density plants 
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6.03 0.668 2.01 20.60 
6.15 0.656 2.01 18.85 
5.96 0.705 2.01 21.57 
6.13 0.676 2.01 21.27 
6.08 0.687 2.02 23.33 
6.00 0.673 2.02 19.80 
6.08 0.693 2.02 21.81 
6.00 0.730 2.07 20.45 
6.15 0.706 2.05 22.72 
5.77 0.689 2.05 21.16 
6.05 0.709 2.03 20.64 
6.18 0.694 2.00 22.31 
6.23 0.629 1.99 20.88 
6.50 0.598 1.91 19.91 
6.38 0.637 1.96 18.12 
6.41 0.701 2.05 23.51 
6.43 0.681 2.02 22.39 
6.36 0.698 2.04 25.39 
6.49 0.669 1.98 21.79 
Table Al. Continued 
Treat- Soil analyses 
ment Yield P K PH 
qtl/ha —kg/ha— 
P1P33 30.64 117 .60 170 .24 6.42 
P2P0 29.70 120 .96 206 .08 6.07 
^2^11 32.18 141 .12 203 .84 6.70 
^2^22 31.47 129 .92 168 .00 6.57 
^2^33 31.45 138 .88 157 .92 6.05 
Replication 3 
^0^0 31.33 24 .64 162 .40 7.65 
Po^ii 33.02 38 .08 144 .48 7.95 
^0^22 33.49 61 .60 181 .44 7.72 
^0^33 33.49 57 .12 153 .44 7.87 
Pl^O 33.85 51 .52 157 .92 7.75 
^1^11 32.38 70 .56 168 .00 7.62 
^1^22 32.50 78 .40 172 .48 6.90 
^1^33 32.74 84 .00 156 .80 7.15 
^2^0 31.94 116 .48 190 .40 6.92 
P2P1I 35.72 99 .68 168 .00 7.00 
^2^22 32.45 141 .12 164 .64 7.52 
^2^33 33.78 168 .00 196 .00 7.52 
Soybeans 1979 
Replicaticrî 1 
Po^o 26.05 28. ,00 247 .52 5.60 
Po^ll 26.32 36, .96 243, .04 5.85 
Leaf analyses 
N K 
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6.51 0.664 1.97 
6.36 0.648 1.96 
6.31 0.716 2.07 
6.23 0.707 2.10 
6.52 0.690 2.00 
-kg/ha- plts/ha-
20.35 
19.24 
23.04 
22.25 
21.70 
6.12 0.651 
6.17 0.669 
6.75 0.649 
6,31 0.702 
6.40 0.692 
6.54 0.654 
6.40 0.655 
6.28 0.711 
6.31 0.675 
6.53 0.691 
6.25 0.702 
6.67 0.732 
2.01 20.40 
2.04 22.09 
2.00 21.74 
2.05 23.51 
2.05 23.42 
1.97 21.17 
1.99 21.29 
2.06 23.28 
2.05 21.56 
2.00 24.68 
2.08 22.78 
2.05 24.73 
5.89 
5.84 
0.654 
0.635 
1.94 
1.88 
17.04 
16.72 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K PH 
qtl/ha kg/ha 
^0^22 26.95 57.12 232.96 5.65 
^0^33 27.56 76.16 301.28 5.72 
Pl^O 25.82 45.92 237.44 5.87 
^1^11 27.65 49.28 162.40 6.00 
^1^22 27.60 95.20 229.60 5.60 
P1P33 24.37 92.96 236.32 5.60 
P2P0 25.43 101.92 234.08 5.75 
Vii 26.83 113.12 249.76 5.80 
^2^22 27.27 126.56 228.48 5.85 
^2^33 27.94 134.40 238.56 5.85 
Replication 2 
Po^o 25.62 28.00 285.60 5.95 
Vii 31.94 32.48 199.36 7.65 
^0^22 29.72 44.80 222.88 7.55 
P0P33 27.23 44.80 225.12 5.97 
Pl^O 27.49 34.72 175.84 6.00 
^1^11 27.06 40.32 238.56 6.12 
^1^22 30.50 75.04 212.80 7.57 
P1P33 25.63 92.96 198.24 7.45 
P2P0 27.56 96.32 257.60 7.05 
P2P1I 26.55 110.88 256.48 6.00 
^2^22 27.80 106.40 275.52 5.89 
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5.38 0.622 1.87 16.76 
5.88 0.656 1.92 18.08 
5.83 0.656 1.89 16.94 
6.06 0.670 1.92 18.52 
5.67 0.645 1.89 17.80 
5.69 0.690 1.98 16.81 
5.90 0.677 1.93 17.22 
5.57 0.653 1.94 17.52 
5.87 0.691 1.94 18.84 
6.06 0.693 1.93 19.36 
5.87 0.597 1.94 15.30 
5.87 0.545 1.85 17.41 
6.13 0.595 1.89 17.68 
6.22 0.684 2.03 18.63 
6.05 0.641 1.95 17.62 
5.85 0.642 1.92 17.37 
5.90 0.591 1.89 18.02 
6.30 0.643 1.91 16.48 
6.18 0.633 1.85 17.45 
5.87 0.647 1.98 17.18 
5.93 0.661 2.00 18.38 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
" ' " N P K ment Yield P K pH 
qtl/ha —kg/ha— 
^2^33 29.41 140 .00 203 .84 7 .57 
Replication 3 
PQ^O 28.98 26 .88 182 .56 6 .55 
^0^11 27.72 40 .32 215 .04 6 .02 
^0^22 29.06 42 .56 169 .12 7 .42 
^0^33 27.16 50 .40 164 .64 6 .15 
Pl^O 26.16 61 .60 215 .04 6 .42 
Pl^ll 29.27 67 .20 182 .56 7 .80 
^1^22 31.29 66 .08 208 .32 7 .85 
^1^33 26.25 112 .00 247 .52 6 .15 
^2^0 27.56 106 .40 23 7 .44 6 .00 
^2^11 26.55 98 .56 208 .32 6 .70 
^2^22 27.80 141 .12 246 .40 5 .97 
^2^33 29.41 134, .40 193 .76 7 .00 
Corn 1979 
Replication 1 
PqPQ 104.84 
PqP^^ 101.26 
P0P22 108.23 
PQP33 112.63 
P^Pq 103.27 
^1^11 104.78 
17.92 136.64 6.20 3.21 0.301 2.30 
29.12 155.68 6.00 3.11 0.295 2.43 
52.64 174.72 5.87 3.21 0.303 2.40 
47.04 131.04 6.00 3.19 0.326 2.49 
43.68 162.40 5.82 3.06 0.301 2.49 
64.96 157.92 5.85 3.15 0.303 2.36 
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5.98 0.634 1.91 18.64 
6.11 0.621 1.91 18.00 
5.92 0.640 1.95 17.74 
6.04 0.587 1.89 17.06 
6.30 0.678 2.00 18.41 
6.30 0.665 1.96 17.40 
6.41 0.641 1.92 18.76 
6.05 0.628 1.90 19.65 
6.32 0.709 1.99 18.61 
6.25 0.655 1.96 18.05 
6.17 0.649 1.92 17.23 
6.46 0.706 2.00 19.63 
6.26 0.674 1.95 19.82 
1.36 0.242 
1.44 0.275 
1.44 0.275 
1.44 0.283 
1.45 0.272 
1.49 0.295 
0.34 25.37 
0.36 27.85 
0.36 29.76 
0.36 31.87 
0.36 28.09 
0.36 30.91 
58004 0 
55612 598 
59200 598 
55612 0 
58004 0 
56210 0 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K PH N P K 
qtl/ha "•"•"•"•"Ky / fla""*"—*" 
^1^22 109,74 66.08 150.08 5.90 3 .28 0.340 2. 37 
^1^33 109.30 101.92 176.96 5.80 3 .13 0.321 2. ,35 
^2^0 106.54 78.40 114.24 6.20 3 .14 0.367 2, ,35 
Vll 108.80 89.60 106.40 6.32 3 .00 0.375 2. 30 
^2^22 112.50 120.96 113.12 6.52 2 .95 0.422 2. 31 
^2^33 109.61 135.52 140.00 6.20 3 .02 0.487 2. 28 
Replication 2 
Po^o 105.28 23.52 133.28 6.82 3 .16 0.310 2. 21 
Vii 108.23 22.40 133.28 6.12 3 .11 0.299 2. 25 
^0^22 104.47 34.72 117.60 5.97 3 .28 0.311 2. 29 
^0^33 106.91 57.12 154.56 6.92 3 .32 0.348 2. 16 
Pl^O 108.23 54.88 141.12 7.42 2 .96 0.349 2. 32 
^1^11 116.39 66.08 104.16 7.57 2 .99 0.358 2. 08 
^1^22 110.74 97.44 120.96 6.30 2 .92 0.366 2. 09 
^1^33 111.31 99.68 94.08 6.57 2 .83 0.400 2. 12 
^2^0 110.93 91.84 124.32 6.20 3 .00 0.386 2. 31 
^2^11 107.61 116.48 146.72 6.60 2 .82 0.367 2. 19 
^2^22 115.08 126.56 143.36 6.70 3 .03 0.375 2. 10 
^2^33 111.06 120.96 118.72 6.05 3 .00 0.396 2. 19 
Replication 3 
Po^o 108.92 19.04 107.52 7.55 2, .97 0.298 2. 20 
PQ^II 109.43 29.12 109.76 7.92 3, .04 0.327 2. 06 
255 
Grain analyses P Plant Barren 
N P K removed density plants 
-kg/ha- plts/ha-
1.41 0.292 0.36 32.04 58602 598 
1.37 0.294 0.37 32.13 58004 0 
1.46 0.327 0.38 34.84 58602 0 
1.41 0.338 0.40 36.77 60396 0 
1-40 0.364 0.40 40.95 58004 0 
1.47 0.380 0.41 41.65 60994 0 
1.38 0.273 0.37 28.74 55014 0 
1.40 0.268 0.36 29.01 56210 0 
1.46 0.286 0.35 29.88 47839 1196 
1.44 0.316 0.38 33.78 55014 0 
1.50 0.316 0.37 34.20 56808 598 
1.42 0.332 0.39 38.64 55014 0 
1.43 0.341 0.40 37.76 57406 0 
1.58 0.344 0.43 38.29 56808 0 
1.44 0.344 0.39 38.16 55014 0 
1.44 0.355 0.39 38.20 57406 1196 
1.44 0.338 0.38 38.90 56808 0 
1.44 0.349 0.38 38.76 58004 0 
1.38 0.264 0.35 28.76 56210 0 
1.52 0.297 0.41 32.50 55014 0 
Table Al. Continued 
Treat­
ment Yield 
Soil analyses Leaf analyses 
K pH N K 
^0^22 
^0^33 
Pl^O 
^1^11 
^1^22 
^1^33 
P2P0 
^2^11 
^2^22 
^2^33 
qtl/ha 
107.04 
104.22 
106.98 
105.41 
110.18 
108.86 
114.26 
114.70 
108.55 
112.25 
Corn 1980 
kg/ha 
49.28 127.68 
60.48 
54.88 
62.72 
79.52 
91.84 
75.04 
90.72 
125.44 
134.40 
115.36 
142.24 
114.24 
118.72 
107.52 
123.20 
126.56 
137.76 
140.00 
7.72 
7.92 
7.87 
7.90 
6.97 
7.00 
6.70 
6.95 
7.70 
7.65 
3.04 
2 . 8 8  
2.85 
2.91 
2.94 
2.98 
2.93 
3.04 
3.02 
2.90 
0.350 
0.347 
0.335 
0.344 
0.370 
0.417 
0.338 
0.382 
0.424 
0.424 
Replication 1 
2 . 2 1  
2.07 
2.35 
2.13 
2.17 
2 . 1 6  
2 . 1 8  
2.24 
1.97 
2.14 
= 0*0 77.68 22. 40 168 .00 5 .72 2 .99 0.294 2. 37 
^0^11 105.34 31. 36 176 .96 5 .95 2 .96 0.303 2. 50 
^0^22 74,11 57. 12 215 .04 5 .55 2 .94 0.305 2. 54 
^0^33 94.60 73. 92 212 .80 5 .72 3 .05 0.313 2. 64 
Pl^O 108.75 34. 72 160 .16 5 .92 3 .31 0.327 2. 20 
Pl^ll 113.24 51. 52 160 .16 5 .95 3 .25 0.329 2. 16 
^1^22 101.28 68. 32 164 .64 5 .55 2 .92 0.294 2. 38 
^1^33 93.23 87. 36 181 .44 5 .65 2 .94 0.306 2. 35 
P2P0 92.43 89. 60 173 .60 5 .42 3 .02 0.304 2. 41 
^2^11 103.53 100. 80 197 .12 5 .75 2 .99 0.312 2. 23 
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Grain analyses P Plant Barren 
N P K removed density plants 
-kg/ha-_ _ _ _ _ _  
1.38 0.319 0.40 34.15 54416 598 
1.47 0.326 0.38 33.97 56210 0 
1.40 0.307 0.39 32.84 58602 0 
1.43 0.328 0.37 34.57 55014 0 
1.41 0.342 0.41 37.68 55612 0 
1.47 0.362 0.42 39.41 57406 0 
1.38 0.311 0.37 35.53 58602 0 
1.40 0.334 0.40 38.31 57406 0 
1.49 0.358 0.41 38.36 56808 0 
1.74 0.400 0.49 44.90 58004 598 
1.57 0.273 0.35 21.21 51427 
1.47 0.263 0.36 27.70 56210 
1.68 0.306 0.37 22.68 53818 
1.66 0.321 0.39 30.37 53818 
1.45 0.279 0.36 30.34 54416 
1.42 0.277 0.38 31.37 56210 
1.51 0.281 0.36 28.46 54416 
1.60 0.300 0.37 27.97 53220 
1.59 0.311 0.37 28.75 52024 
1.53 0.318 0.39 32.92 54416 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K PH N P K 
qtl/ha """"" Kg/na————— 
^2^22 102.34 108.64 176.96 5.92 2, ,92 0 .317 2 .23 
^2^33 73.97 115.36 178.08 5.95 2. .66 0 .284 2 .27 
Replication 
PoPo 88.36 
2 
19.04 165.76 5.97 3. ,10 0 .298 2 .44 
^0^11 107.78 22.40 146.72 7.50 2. ,83 0 .307 2 .13 
^0^22 108.04 31.36 155.68 7.52 3. 07 0 .350 2 .14 
P0P33 97.59 48.16 157.92 6.00 2. 78 0 .302 2 .34 
Pl^O 94.36 22.40 146.72 6.05 3. 11 0 .304 2 .18 
^1^11 108.58 32.48 142.24 6.20 3. 08 0 .312 2 .28 
^1^22 102.46 69.44 170.24 7.50 2. 96 0 .371 2 .04 
^1^33 101.75 105.28 124.32 7.50 2. 84 0 .363 2 .17 
^2^0 110.52 81.76 211.68 7.32 2. 78 0 .303 2 .30 
^2^11 80.37 85.12 184.80 6.11 2. 98 0 .304 2 .46 
^2^22 62.00 129.92 181.44 6.10 2. 75 0 .298 2 .46 
^2^33 104.90 140.00 204.96 7.45 2. 89 0 .342 2 .14 
Replication 
P^Po 91.08 
3 
22.40 163.52 6.67 3. 07 0 .292 2 .19 
^0^11 84.48 30.24 152.32 5.90 3. 00 0 .293 2 .19 
^0^22 107.29 35.84 169.12 7.25 2. 70 0 .296 1 .97 
^0^33 87.49 48.16 137.76 5.90 2. 92 0 .302 2 .25 
Pl^O 104.63 56.00 176.96 6.22 2. 95 0 .301 2, .33 
1 96.84 70.56 153.44 7.57 2. 78 0 .314 2 .09 
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Grain analyses 
N K removed 
Plant 
density 
Barren 
plants 
1.57 
1.57 
— % —  
0.325 
0.315 
0.39 
0.38 
-kg/ha-
33.26 
23.30 
plts/ha-
52622 
52024 
1.50 0.248 0.36 21.90 54416 
1.40 0.277 0.38 29.86 51427 
1.39 0.307 0.39 33.17 54416 
1.55 0.303 0.39 29.57 59798 
1.48 0.257 0.34 24.25 58004 
1.43 0.275 0.36 29.86 56808 
1.42 0.305 0.39 31.25 54417 
1.41 0.323 0.39 32.87 55014 
1.44 0.320 0.40 35.37 55612 
1.61 0.307 0.36 24.67 53818 
1.60 0.321 0.38 19.90 52024 
1.46 0.332 0.40 34.83 56808 
1.46 
1.61 
1.49 
1.56 
1.47 
1.46 
0.267 
0.294 
0.305 
0.296 
0.297 
0.271 
0.34 
0.35 
0.37 
0.35 
0.36 
0.36 
24.32 
24.84 
32.72 
25.90 
31.07 
26.24 
53818 
54416 
55014 
52024 
55014 
52024 
Table Al. Continued 
Treat­
ment Yield 
Soil analyses 
K pH N 
Leaf analyses 
K 
^1^22 
^1^33 
Vo 
^2^11 
^2^22 
^2^33 
qtl/ha 
1 0 2 . 1 6  
76.50 
78.93 
88.36 
60.34 
88.44 
kg/ha 
67.20 140.00 
124.32 
90.72 
90.72 
123.20 
119.84 
128.80 
171.36 
157.92 
188.16 
150.08 
Soybeans 19 80 
Replication 1 
7.80 
6 . 0 0  
5.65 
6.57 
5.70 
6.65 
^0^0 29.28 17 .92 220 .64 6. 15 
^0^11 27.01 31 .36 256 .48 5. 80 
^0^22 29.90 45 .92 238 .56 5. 80 
^0^33 32.32 69 .44 245 .28 5. 85 
^1^0 32.02 45 .92 274 .40 5. 75 
^1^11 30.74 67 .20 250 .88 5. 77 
^1^22 31.42 73 .92 232 .96 5. 77 
^1^33 29.86 105 .28 245 .28 5. 70 
P2P0 29.04 82 .88 237 .44 6. 00 
P2P1I 31.40 99 .68 228 .48 6. 17 
^2^22 33.07 115 .36 143 .36 6. 27 
^2^33 28.45 134 .40 176 .96 6. 10 
Replication 
PqPO 31.01 
2 
22 .40 252 .00 6. 75 
2.96 
2.53 
2 . 8 6  
2.78 
2.83 
2.83 
0.332 
0.290 
0.292 
0.332 
0.303 
0.372 
2 . 0 2  
2.56 
2.42 
2.23 
2.48 
2.19 
261 
Grain analyses P Plant Barren 
N P K removed density plants 
% -kg/ha- plts/ha 
1.43 0.329 0.39 33.61 57406 
1.56 0.305 0.35 23.33 55014 
1.62 0.321 0.37 25.34 53220 
1.45 0.317 0.36 28.01 53220 
1.66 0.315 0.37 19.01 53818 
1.57 0.328 0.36 29.01 50231 
5.91 0.435 
5.58 0.516 
5.51 0.682 
6.01 0.580 
5.95 0.521 
5.67 0.552 
6.29 0.577 
5.86 0.583 
6.13 0.603 
5.91 0.583 
5.79 0.585 
5.67 0.577 
1.82 12.74 
1.88 13.94 
1.84 20.39 
1.91 18.75 
1 . 8 6  1 6 . 6 8  
1.90 16.97 
1.92 18.13 
1.92 17.41 
1.97 17.51 
1.91 18.30 
1.91 19.34 
1.89 16.42 
6.45 0.523 1 . 8 6  1 6 . 2 2  
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K pH 
qtl/ha kg/ha 
^0^11 29.81 29.12 193.76 6.07 
^0^22 29.29 29.12 206.08 5.95 
^0^33 32.73 64.96 209.44 6.82 
Pl^O 33.74 47.04 201.60 7.27 
^1^11 31.60 59.36 147.84 7.40 
^1^22 32.28 94.08 209.44 5.92 
P1P33 33.20 112.00 136.64 6.25 
P2P0 31.01 94.08 248.64 5.72 
Vil 33.03 106.40 265.44 6.50 
^2^22 32.29 123.20 255.36 6.25 
^2^33 34.99 119.84 203.84 5.77 
Replication 3 
^0^0 32.28 20.16 169.12 7.55 
^0^11 31.99 39.20 169.12 7.72 
^0^22 32.90 61.60 150.08 7.52 
^0^33 33.81 72.72 208.32 7.70 
Pl^O 30.67 38.08 216.16 7.50 
^1^11 28.01 60.48 239.68 7.70 
P1P22 32.49 78.40 204.96 6.65 
^1^33 33.19 94.08 239.68 6.45 
^2^0 34.02 67.20 171.36 6.50 
P2P1I 35.41 77.28 171.36 6.45 
263 
Grain analyses P Plant Barren 
N P K removed density plants 
% -kg/ha- plts/ha 
5.95 0.517 1.86 15.41 
6.06 0.537 1.90 15.73 
5.86 0.534 1.86 17.48 
5.91 0.534 1.85 18.02 
6.39 0.601 1.89 18.99 
5.94 0.579 1.90 18.69 
5.83 0.612 1.89 20.32 
5.82 0.569 1.90 17.64 
5. 66 0.533 1.84 17.60 
5.63 0.541 1.84 17.47 
5.72 0.603 1.92 21.10 
5.78 0.419 1.77 13.52 
5.77 0.518 1.80 16.57 
5.97 0.565 1.89 18.59 
6.01 0.562 1.87 19.00 
5.73 0.526 1.86 16.13 
5.89 0.583 1.89 16.36 
6.01 0.574 1.91 18.65 
6.12 0.628 1.97 20.84 
5.66 0.540 1.85 18.37 
5.93 0.585 1.89 20.72 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K pH N P K 
qtl/ha kg/ha % 
^2^22 33.24 110 .88 226 .24 7 .22 
^2^33 29.02 141 .12 224 .00 7 .50 
Soybeans 1981 
Replication 1 
^0^0 23.92 31, .36 260, .96 5 .80 
^0^11 25.34 30, .24 244. 16 5 .90 
^0^22 23.25 70. ,56 275. 52 5, .80 
^0^33 25.06 69. ,44 314. ,72 5, .90 
Pl^O 24.86 40. 32 252. ,00 5, .90 
^1^11 22.83 61. 60 273. ,28 6. ,00 
^1^22 24.20 75. 04 203. ,84 5. ,80 
^1^33 21.75 99. 68 323. 68 5. ,70 
^2^0 22.04 73. 92 296. 80 5. 80 
^2^11 22.73 82. 88 218. 40 5. 90 
^2^22 22.38 132. 16 295. 68 5. 90 
^2^33 23.14 118. 72 299. 04 5. 90 
Replication 2 
Po^o 22.22 20. 16 321. 44 6. 10 
Po^ll 28.82 33. 60 237. 44 8. 00 
^0^22 32.99 39. 20 240. 80 8. 00 
^0^33 23.91 49. 28 253. 12 6. 00 
Pl^O 24.62 24. 64 293. 44 6. 20 
265 
Grain analyses P Plant Barren 
N P K removed density plants 
% -kg/ha- plts/ha 
5.92 0.575 1.88 19.11 
6.50 0.633 1.93 18.37 
6.05 
5.57 
5.88 
5.86 
5.60 
5.70 
5.76 
5.71 
5.41 
5.71 
i.81 
;.73 
0.512 
0.522 
0.589 
0 . 6 0 0  
0.543 
0.644 
0.598 
0.615 
0.594 
0.617 
0.648 
0.627 
1.87 
1 . 8 1  
1.88 
1.91 
1 . 8 0  
1.90 
1.87 
1.89 
1.85 
1.89 
1.90 
1.87 
12.25 
13.23 
13.69 
15.04 
13.50 
14.70 
14.47 
13.38 
13.09 
14.03 
14.50 
14.51 
1.90 
1.84 
.83 
.09 
.05 
0.480 
0.550 
0.582 
0.612 
0.506 
1 . 8 0  
1.85 
1.82 
1.84 
1.85 
10.67 
15.85 
19.20 
14.63 
12.46 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
" ' " N P K ment Yield P K PH 
qtl/ha kg/ha 
^1^11 26.03 40.32 316.96 6.30 
^1^22 27.66 70.56 246.40 8.00 
^1^33 25.82 95.20 266.24 7.90 
^2^0 29.32 96.32 301.28 7.60 
^2^11 23.25 104.16 314.72 5.90 
^2^22 24.51 132.16 322.56 6.10 
^2^33 32.90 118.72 230.72 7.90 
Replication 3 
Po^o 27.03 25.76 217.28 6.70 
^0^11 22.46 40.32 272.16 6.10 
^0^22 29.80 44.80 215.04 7.80 
P0P33 22.43 52.64 228.48 6.30 
Pl^O 22.05 58.24 248.64 6.40 
^1^11 27.84 84.00 196.00 7.80 
^1^22 27.33 69.44 176.96 8.10 
^1^33 22.99 129.92 267.68 6.20 
Vo 20.78 88.48 278.88 6.10 
^2^11 27.64 108.64 253.12 6.50 
^2^22 24.62 134.40 264.32 6.00 
^2^33 26.33 152.32 230.72 6.70 
267 
Grain analyses P Plant Barren 
N P K removed density plants 
% -kg/ha- plts/ha 
6.05 0.563 1.85 14.65 
5.98 0.607 1.83 16.79 
5.99 0.596 1.86 15.39 
5.74 0.559 1.78 16.39 
5.86 0.583 1.82 13.55 
6.07 0.665 1.94 16.30 
5.68 0.589 1.85 19.38 
5.96 0.532 1.79 14.38 
5.95 0.577 1.88 12.96 
6.30 0.593 1.89 17.67 
6.23 0.646 1.94 14.49 
6.13 0.618 1.93 13.63 
6.03 0.618 1.92 17.20 
5.96 0.603 1.90 16.48 
6.18 0.665 1.96 15.29 
6.05 0.625 1.94 12.99 
6.12 0.640 1.92 17.69 
5.90 0.625 1.87 15.39 
6.15 0.667 1.94 17.56 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K pH N P K 
qtl/ha kg/ha % 
Corn 1981 
Replication 1 
95.38 11.20 238.56 6.30 3.06 0.247 2.62 
^0^11 68.37 31.36 225.12 6.10 3.05 0.286 2.87 
^0^22 69.81 44.80 228.48 6.00 3.01 0.304 2.83 
^0^33 87.31 60.48 181.44 6.10 3.06 0.306 2.58 
Pl^O 89.81 42.56 212.80 6.00 3.00 0.293 2.76 
Pl"il 60.31 72.80 234.08 6.00 2.87 0.302 2.78 
^1^22 100.75 100.80 227.36 6.10 3.05 0.297 2.71 
^1^33 68.37 104.16 241.92 6.00 2.89 0.328 2.88 
^2^0 88.31 73.92 189.28 6.40 3.08 0.316 2.66 
^2^11 101.39 92.96 194.88 6.40 3.07 0.318 2.36 
^2^22 82.89 116.48 193.76 6.50 2.97 0.354 2.68 
^2^33 101.70 136.64 165.76 6.50 3.01 0.349 2.45 
Replication 
Vo 90-40 
2 
22.40 246.40 7.50 2.92 0.273 2.73 
^0^11 62.21 30.24 234.08 6.10 2.87 0.280 2.85 
^0^22 61.79 28.00 199.36 6.30 2.85 0.286 2.85 
^0^33 55.92 76.16 254.24 7.10 2.78 0.337 2.85 
^1^0 87.24 43.68 153.44 7.70 2.94 0.319 2.47 
Pl^ll 95.15 59.36 160.16 7.90 2.95 0.328 2.45 
^1^22 58.06 105.28 181.40 6.40 2.88 0.344 2.67 
269 
Grain analyses P Plant Barren 
N P K removed density plants 
% -kg/ha- plts/ha 
1.49 
1.75 
1 . 6 2  
1.49 
1.52 
1.64 
1.48 
1.58 
1.53 
1.69 
1.52 
1.57 
1.50 
1.70 
1.61 
1.72 
1.68 
1.50 
1.80 
0.219 
0.303 
0.276 
0.287 
0.263 
0.293 
0.279 
0.310 
0.291 
0.325 
0.297 
0.317 
0.365 
0.278 
0.296 
0.322 
0.316 
0.314 
0.328 
0.32 
0.38 
0.35 
0.36 
0.33 
0.35 
0.35 
0.37 
0.37 
0.38 
0.36 
0.38 
0.36 
0.35 
0.37 
0.36 
0.38 
0.39 
0.36 
20.89 
20.72 
19.27 
25.06 
23.62 
17.67 
28.11 
2 1 . 2 0  
25.70 
32.44 
24.62 
32.24 
23.96 
17.30 
18.29 
18.00 
27.57 
29.88 
19.04 
56210 
53220 
57406 
55612 
52622 
56808 
54416 
58602 
56210 
52024 
53220 
56808 
54416 
57406 
55612 
52024 
52024 
55014 
52622 
Table Al. Continued 
Treat­
ment Yield 
Soil analyses Leaf analyses 
K pH N 
-kg/ha-
K 
qtl/ha 
P1P33 77.13 101.92 142.24 6.60 2.94 0 .348 2.43 
^2^0 71.70 96.32 248.64 6.20 2.99 0 .336 2.72 
^2^11 46.30 109.76 203.84 6.90 2.85 0 .344 2.72 
^2^22 71.33 124.32 210.56 6.90 2.86 0 .329 2.74 
^2^33 77.01 115.36 176.96 6.20 2.82 0 .340 2.67 
Replication 3 
Po^o 94.20 15.68 179.20 7.50 2.99 0 .254 2.58 
Vii 98.95 39.20 182.56 8.00 3.04 0 .307 2.41 
^0^22 90.76 56.00 142.24 7.50 2.81 0 .317 2.54 
^0^33 93.14 69.44 175.84 7.90 2.92 0 .339 2.33 
Pl^O 85.78 40.32 193.76 8.00 2.85 0 .326 2.55 
^1^11 85.66 68.32 198.24 7.90 2.84 0 .350 2.42 
^1^22 85.70 86.24 192.64 6.90 2.90 0 .325 2.67 
P1P33 71.84 113.12 176.96 7.00 3.01 0 .337 2.60 
P2P0 102.62 61.60 206.08 7.00 3.08 0, .294 2.55 
^2^11 74.25 72.80 173.60 7.00 2.92 0 .317 2.54 
^2^22 86.59 124.32 207.20 8.00 2.83 0 .349 2.37 
^2^33 40.13 165.76 246.40 7.80 2.73 0 .389 2.53 
Soybeans 1982 
Replication 1 
Po^o 28.84 13.44 255.36 6.20 
1 31.55 28.00 280.00 5.93 
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N 
Grain analyses 
K 
P Plant Barren 
removed density plants 
-kg/ha- plts/ha 
24.68 54416 
22.59 54416 
16.07 54416 
23.68 53818 
24.08 56210 
1.69 
1 . 6 8  
1.90 
1.70 
1.72 
0.320 
0.315 
0.347 
0.332 
0.322 
0.37 
0.35 
0.38 
0.38 
0.37 
1.47 0.245 0.36 23.08 53818 
1.46 0.296 0.37 29.29 47839 
1.47 0.307 0.38 27.86 56808 
1.52 0.329 0.39 30.64 54416 
1.64 0.326 0.37 27.96 55014 
1.62 0.302 0.36 25.87 55612 
1.64 0.318 0.37 27.25 55612 
1.61 0.322 0.39 23.13 51427 
1.50 0.303 0.39 31.09 54416 
1.47 0.303 0.37 22.50 52622 
1.53 0.340 0.40 29.44 56210 
1.82 0.346 0.40 13.88 55612 
Table Al. Continued 
Treat- Soil analyses 
ment Yield P K PH 
qtl/ha kg/ha 
^0^22 32.99 51.52 293.44 6 .00 
^0^33 32.93 57.12 264.32 6 .08 
^1^0 31.30 48.16 296.80 5 .50 
^1^11 30.96 52.64 290.08 6 .00 
^1^22 31.69 84.00 268.80 5 .93 
P1P33 32.74 95.20 272.16 5 .90 
to
 0
 33.10 53.76 217.28 6 .18 
P2P11 35.68 64.96 194.88 6 .15 
^2^22 32.74 99.68 231.84 6 .30 
^2^33 32.98 119.84 221.76 6 .28 
Leaf analyses 
N K 
Replication 2 
0
 
0
 
31. 62 25. 76 269. 92 7 .20 
^0^11 30. 48 26. 88 296. 80 6 .20 
^0^22 31. 52 39. 20 225. 12 6 .15 
P0P33 32. 36 62. 72 256. 48 6 .80 
Pl^O 32. 55 56. 00 231. 84 7 .05 
^1^11 33. 46 69. 44 209. 44 7 .51 
^1^22 31. 23 91. 84 240. 80 6 .28 
^1^33 30. 69 103. 04 141. 12 6 .60 
P2P0 31. 80 78. 40 188. 16 6 .23 
^2^11 32. 16 97. 44 240. 80 6 .60 
^2^22 33. 08 120. 96 257. 60 6 .93 
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Grain analyses P Plant Barren 
N P K removed density plants 
% -kg/ha- plts/ha 
Table Al. Continued 
Treat­
ment Yield 
Soil analyse s 
P K PH 
qtl/ha —kg/ha 
^2^33 30.28 132 .16 276.64 6.05 
Replication 3 
Po^o 27.74 23 .52 198.24 7.05 
^0^11 31.91 44 .80 207.20 7.98 
^0^22 30.30 63 .84 179.20 7.43 
^0^33 32.17 79 .52 209.44 7.88 
Pl^O 30.50 43 .68 282.24 7.88 
^1^11 32.63 70 .56 219.52 7.70 
^1^22 34.06 84 .00 222.88 6.73 
^1^33 33.54 109 .76 213.92 6.70 
^2^0 31.23 44 .80 206.08 6.81 
^2^11 33.43 70 .56 201.60 6.63 
^2^22 31.87 106 .40 211.68 7.75 
^2^33 30.33 138 .88 278.88 7.65 
Corn 1982 
Leaf analyses 
N P K 
Replication 1 
O
 
O
 91.41 19.04 221.76 5.80 3.06 0.259 2.15 
^0^11 96.24 40.32 244.16 5.93 3.11 0.277 2.16 
^0^22 90.59 67.20 276.64 6.05 2.94 0.266 2.30 
^0^33 98.24 85.12 313.60 5.88 3.08 0.290 2.30 
Pl^O 94.08 40.32 222.88 5.85 3.27 0.282 2.05 
^1^11 94.08 51.52 220.64 6.08 3.17 0.286 2.09 
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Grain analyses P Plant Barren 
N P K removed density plants 
% -kg/ha- plts/ha 
1.46 0.274 0.35 25.05 58004 
1.50 0.288 0.35 27.72 56210 
1.56 0.303 0.34 27.45 53818 
1.54 0.303 0.35 29.77 53220 
1.49 0.286 0.36 26.91 54416 
1.50 0.298 0.36 28.04 47241 
Table Al. Continued 
Treat- Soil analyses Leaf analyses 
ment Yield P K PH N P K 
qtl/ha —"""••—Ky / na ———— 
^1^22 92.54 85.12 256.48 5.88 3.02 0.278 2. ,14 
P1P33 92.76 104.16 217.28 5.85 2.98 0.279 2. 03 
P2P0 101.38 60.48 236.32 5.90 3.07 0.277 2. 08 
Vll 100.02 81.76 246.40 5.90 2.89 0.262 2. 16 
^2^22 101.61 107.52 232.96 5.90 3.19 0.295 2. 07 
^2^33 107.32 129.92 234.08 5.90 3.02 0.285 2. 10 
Replication 
PqPo 95.68 
2 
20.16 277.76 5.88 3.06 0.254 2. 15 
^0^11 100.33 25.76 212.80 7.85 2.95 0.254 1. 76 
^0^22 88.88 50.40 202.72 7.85 2.94 0.271 1. 72 
^0^33 104.20 56.00 221.76 5.95 3.08 0.278 2. 04 
^1^0 95.32 28.00 197.12 6.13 3.01 0.250 2. 02 
^1^11 104.01 33.60 224.00 6.15 3.18 0.272 1. 93 
^1^22 99.59 82.88 210.56 7.73 2.88 0.280 1. 74 
^1^33 100.61 95.20 234.08 7.53 2.95 0.292 1. 75 
^2^0 99.93 70.56 260.96 7.00 2.95 0.287 1. 93 
^2^11 96.77 87.36 309.12 5.93 2.90 0.279 2. 18 
^2^22 94.50 112.00 219.52 5.73 2.91 0.294 2. 12 
^2^33 100.60 136.64 217.28 7.70 2.89 0.297 1. 79 
Replication 
PqPO 94.50 
3 
24.64 197.12 6.50 2.92 0.255 1. 89 
^0^11 93.25 41.44 198.24 5.98 3.10 0.278 2. 06 
N 
.55 
.58 
.52 
.51 
.49 
.53 
,47 
,47 
52 
54 
44 
54 
50 
50 
51 
50 
53 
55 
49 
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K 
P Plant Barren 
removed density plants 
-kg/ha- plts/ha 
34.24 52622 
32.65 55014 
31.53 53818 
28.31 52622 
30.48 52024 
36.81 56210 
0.370 
0.352 
0.311 
0.283 
0.300 
0.343 
0.44 
0.41 
0.38 
0.35 
0.35 
0.40 
0.247 0.32 23.63 56808 
0.282 0.35 28.29 54416 
0.332 0.36 29.51 55014 
0.364 0.42 37.93 53220 
0.258 0.33 24.59 55612 
0.328 0.40 34.12 56210 
0.337 0.39 33.56 54416 
0.325 0.38 32.70 57406 
0.383 0.46 38.27 55014 
0.345 0.40 33.39 53818 
0.366 0.42 34.59 55014 
0.365 0.42 36.72 58004 
0.317 0.38 29.96 52622 
0.309 0.35 28.81 51427 
Table Al. Continued 
Treat­
ment Yield 
Soil analyses 
K PH N 
Leaf analyses 
K 
^0^22 
^0^33 
Pl^O 
^1^11 
^1^22 
^1^33 
92=0 
Vii 
^2^22 
^2^33 
qtl/ha 
103.07 
99.43 
100.67 
93.93 
88.90 
91.72 
88.67 
103.92 
94.97 
87.04 
kg/ha 
54.88 199.36 
62.72 
67.20 
85.12 
67.20 
116.48 
86.24 
101.92 
116.48 
138.88 
204.96 
197.12 
175.84 
197.12 
213.92 
226.24 
173.60 
202.72 
187.04 
7.40 
6.05 
7.88 
7.70 
7.88 
6 . 2 0  
5.98 
6.50 
5.83 
6.73 
2.92 
2.94 
3.00 
2 . 8 0  
2.69 
2.87 
2.96 
2.77 
2.96 
2.84 
%— 
0.270 
0.283 
0.285 
0.278 
0.265 
0.321 
0.291 
0.299 
0.308 
0.331 
1.70 
1.96 
2.04 
1.83 
1.79 
2 . 0 2  
2 . 1 2  
1.84 
1.99 
1.76 
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Grain analyses P Plant Barren 
N P K removed density plants 
% -kg/ha- plts/ha 
1.47 0.354 0.41 36.49 57406 
1.50 0.358 0.41 35.60 58004 
1.51 0.362 0.42 36.44 53818 
1.53 0.303 0.34 28.46 52024 
1.56 0.338 0.38 30.05 58004 
1.53 0,344 0.38 31.55 51427 
1.54 0.346 0.38 30.68 50829 
1.55 0.443 0.48 46.04 58004 
1.56 0.379 0.41 35.99 55406 
1.61 0.411 0.44 35.77 53818 
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Table A2. Adjusted corn yields by plant density, soil pH, 
and available soil K as covariates 
Treat- Year 
ment 75 76 78 79 80 81 82 
quintals per ha 
^0^0 108 .88 77. .66 103.42 106 .16 91. ,14 100. 00 93 .58 
^0^11 99 .76 75. 61 102.60 107 .15 98. 19 84. 02 96 .96 
^0^22 98 .96 72. ,42 102.98 109 .05 88. 96 73. 76 92 .19 
^0^33 107 .90 76. 74 106.77 108 .73 98. 43 77. 41 100 .91 
PlPo 106 .74 81. 41 107.77 106 .64 103. 93 74. 33 96 .87 
^1^11 100 .50 66. 64 106.83 109 .18 101. 55 73. 23 99 .57 
^1^22 97 .92 72. 94 103.84 109 .97 90. 46 87. 12 91 .99 
P1P33 91 .91 70. 49 104.89 109 .17 90. 19 70. 72 94 .97 
^2^0 96 .36 73. 67 105.50 109 .57 97. 81 99. 56 97 .62 
^2^11 101, .58 72. 98 105.96 109 .08 94. 18 69. 67 100 .31 
^2^22 102, .79 69. 35 107.69 111 .72 83. 89 77. 58 98 .38 
P_P,, 93. 63 66. 53 104.23 109, .76 85. 82 72. 00 96 .91 
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Table A3. Adjusted soybean yields by soil pH and available 
soil K as covariates 
Treat- Year 
ment 75 76 78 79 80 81 82 
quintals per ha 
*cfo 2 8 . 2 1  2 0 .  , 2 8  3 1 . 2 0  2 7 . 3 5  3 1 . 4 3  2 5 .  , 4 4  2 9  . 2 8  
Po^ll 2 8 . 6 4  1 7 .  , 4 9  3 1 . 1 3  2 8 . 5 1  2 9 . 4 9  2 5 .  0 5  3 1  . 3 5  
^0^22 2 5 . 7 1  1 8 .  8 5  3 1 . 3 9  2 7 . 9 5  3 0 . 2 0  2 6 .  4 8  3 1  . 7 2  
V33 2 5 . 8 1  2 1 .  0 0  3 2 . 2 9  2 7 . 8 5  3 3 . 6 4  2 5 .  2 6  3 2  . 2 8  
2 9 . 2 6  2 0 .  9 0  3 2 . 9 8  2 6 . 7 6  3 3 . 1 5  2 4 .  9 9  3 1  . 4 1  
^1^11 2 6 . 7 0  1 9 .  1 4  3 1 . 8 4  2 7 . 5 8  3 0 . 9 3  2 5 .  0 3  3 2  . 0 0  
^1^22 2 6 . 9 3  1 8 .  8 9  3 2 . 8 7  2 9 . 0 5  3 1 . 4 2  2 3 .  6 9  3 2  . 6 6  
^1^33 2 7 . 7 1  1 8 .  1 5  3 1 . 2 8  2 5 . 4 2  3 1 . 2 8  2 3 .  3 5  3 2  . 5 0  
P2P0 2 5 . 8 4  1 9 .  0 3  3 2 . 0 3  2 7 . 0 7  3 0 . 7 2  2 4 .  3 0  3 2  . 2 0  
^2^11 2 8 . 5 2  1 9 .  3 5  3 2 . 8 9  2 6 . 9 6  3 3 . 2 4  2 5 .  8 8  3 3  . 8 8  
^2^22 2 6 . 0 8  2 0 .  9 5  3 0 . 5 3  2 8 . 2 9  3 2 . 8 9  2 5 .  6 7  3 2  . 2 7  
2 9 . 8 7  1 9 .  5 6  3 2 . 7 3  2 8 . 3 8  3 0 . 4 6  2 6 .  4 6  3 1 ,  . 2 6  
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Table A4. Analyses of variance for N content in corn leaves 
Source of Year 
variation d.f. 75 78 79 80 81 82 
Mean squares x 10^ 
R 2 35.48 135.48* 79.30 63.30 54.03* 86.05* 
T1 2 38.05 5.88 71.14 43.03 1.88 11.97 
Error A 4 46.60 8.13 30.73 19.27 7.16 11.49 
T2 3 19.49 10.21 5.54 63.43* 15.23++ 14.77++ 
T1 X T2 6 29.70* 10.93 3.15 14.24 8.23 22.07* 
Error B 18 10.36 6.93 7.09 16.51 5.00 5.98 
C.V. % 3.49 2.74 2.77 4.39 2.41 2.59 
Table A5. Analyses of variance for K content in corn leaves 
Source of Year 
variation d.f. 75 78 79 80 81 82 
3 Mean squares x 10 
R 2 43.66 331.91* 155.30** 46.04 119.62 183.11* 
T1 2 1.23 10.51 6.27 28.08 23.40 15.06 
Error A 4 69.96 26.60 8.20 53.66 77.07 16.38 
T2 3 7.14 42.45 15.53* 13.87 12.28 15.48 
T1 X T2 6 11.75 20.17 12.78* 28.06 9.24 19.90 
Error B 18 6.08 35.91 3.93 18.96 11.53 19.34 
C.V. % 4.12 8.18 2.80 6.02 4.09 6.98 
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Table A6. Analyses of variance for N content in corn grain 
Source of Year 
variation d.f. 75 79 80 81 82 
Mean squares x 10^ 
R 2 2.30 2.39 18 .97++ 57.47++ 2.00 
T1 2 4.34 3.40 23 .05* 13.31 2.55 
Error A 4 4.39 3.77 2 .84 13.02 1.61 
T2 3 2.69 9.66 6 .34 11.67 4.01** 
T1 X T2 6 4.44 3.71 3 .74 7.23 0.50 
Error B 18 2.33 4.73 5 .58 10.18 0.75 
C.V. % 3.57 4.76 4 .92 6.29 1.81 
Table A7. Analyses of variance for K content in corn grain 
Source of Year 
variation d.f. 75 79 : 80 81 82 
•Mean squares x 10^ 
R 2 0.84 2.45 0.95++ 1.49* 2.45 
T1 2 2.20 3.02++ 0.44 0.68++ 5.28 
Error A 4 1.01 0.59 0.15 0.15 1.87 
T2 3 0.20 1.69* 0.60++ 0.48 1.36 
T1 X T2 6 1.08 0.26 0.17 0.08 0.59 
Error B 18 0.82 0.45 0.20 0.23 1.12 
C.V. % 7.39 5.52 3.83 4.09 8.69 
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Table A8. Analyses of variance for N content in soybean 
grain 
Source of Year 
variation d.f. 75 78 79 80 81 
_ , _ 
Mean squares x 10 
R 2 296.34** 478.40** 510.50** 27.00 363.44** 
T1 2 1.5,4 3.87 28.72 33.97 33.94 
Error A 4 7.37 8.63 14.71 89.22 18.60 
T2 3 5.56 16.62 61.00 14.39 18.27 
T1 X T2 6 24.35 31.10 32.05 36.73 23.56 
Error B 18 43.31 21.60 27.51 63.84 18.37 
C.V. % 3.79 2.34 2.76 4.27 2.29 
Table A9. Analyses of variance for K content in soybean 
grain 
Source of Year 
variation d.f. 75 78 79 80 81 
Mean squares x 10^ 
R 2 4.24 2.15 2.27* 1.34 13.06* 
T1 2 1.29 3.20++ 1.34++ 6.55++ 2.26 
Error A 4 3.33 0.66 0.23 1.50 0.78 
T2 3 0.24 0.43 3.04 3.60* 3.86 
T1 X T2 6 0.99 1.91 3.92* 1.38 0.80 
Error B 18 1.62 1.53 1.41 1.06 1.62 
C.V. ' 1 2.30 1.93 1.95 1.73 2.15 
